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ABSTRACT 
The impacts of crop rotations and N fertilization on the activities of 12 
enzymes involved in C, N, and P cycling was studied in soils of two long-term 
cropping systems at the Northeast Research Center (NERC) in Nashua and 
the Clarion-Webster Research Center (CWRC) in Kanawha, established 1979 
and 1954, respectively, in Iowa. The activities of glycosidases (a- and |B-
glucosidases, a- and p-galactosidases), amidohydrolases (amidase, 
arylamidase, L-glutaminase, L asparaginase, L-aspartase), and phosphatases 
(acid and alkaline phosphatases, and phosphodiesterase) were assayed in 
soils sampled in 1996 and 1997 from four replicated cropping systems taken 
in  corn,  soybean,  oats ,  or  meadow (al fa l fa)  that  received 0  or  180 kg N ha 1  
before corn. 
Crop rotations significantly affected enzymes activities in soils at the 
NERC site in both years, and glycosidases only in soils at the CWRC site. 
The effect of N fertilization was inconsistent. Greatest activity values were in 
multicropping systems in meadow or oats, and the least in continuous corn or 
soybean systems. Enzyme activities were significantly correlated with Cmic, 
and arylamidase and amidohydrolases significantly correlated with Nmic, in 
both years and sites. The amounts of N mineralized during 24 weeks of 
incubation at 30°C were significantly correlated with the activities of 
arylamidase and amidohydrolases at both sites. The activity of arylamidase 
was also significantly correlated with the amounts of N mineralized in soils 
from six regions of North Central U.S. 
An alkaline hydrolysis method for determining the total N potentially 
hydrolyzable in soils was evaluated. It involves determination of the NH^-N 
produced by direct steam distillation of 1 g field-moist soil and 1M KOH, 
NaOH, or LiOH or with PO4-B3O7 buffer (pH 11.8) successively every 5 min 
for 40 min. Calculated total hydrolyzable N (Nmax or No) values differed 
among soils, ranging from 401 to 1667 mg kg-1 soil and accounted for 12-56% 
of organic N in the soils. The Nmax or No values obtained with KOH or NaOH 
were significantly correlated with the values obtained by using selected N 
mineralization indexes, and with the activities of amidohydrolases and 
arylamidase in the soils. 
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CHAPTER 1 
GENERAL INTRODUCTION 
Increased monocultural production of arable crops and greater reliance on 
chemical fertilizers have resulted in two to three fold increases in grain yield and 
on farm labor efficiency in many countries. However, these management 
practices have also increased the loss of soil organic matter and contamination of 
surface and ground waters. The sustainability of chemically intensive 
agriculture is being increasingly questioned, and the need to conserve soil 
resource has been emphasized by several authors (Altieri, 1995; Doran and 
Safley, 1997). 
The concern about the environmental effects of intensive agriculture calls 
for a shift away from conventional agricultural systems to more ecologically 
sustainable systems, the management of which should include input of organic 
materials and nutrient cycling strategies base on crop rotations. Crop rotation 
provides greater plant diversity than monoculture systems and generally has 
positive effect on enzyme activities (Khan, 1970; Dick, 1984; Bolton et al., 1985; 
Klose et al., 1999; Klose and Tabatabai, 2000). This effect may be due to 
stimulation of microorganisms in the rhizosphere and improved physical 
conditions of soils in crop rotation, particularly when the rotations contain 
legume species (Miller and Dick, 1995a, b). Plant roots stimulate enzyme 
activity by creating favorable microhabitats for microbial activity (Castellano 
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and Dick. 1991; Tabatabai and Bremner, 1970). It is also known that cropping 
systems that return elevated levels of green manures and crop residues 
significantly increased the activity of a wide range of enzymes over un amended 
soil (Martens et al., 1992; Jordan et al., 1995). 
Recent environmental awareness has also led to recognition of the need to 
maintain and enhance the quality and health of our soils. Karlen et al. (1997) 
defined soil quality as 'the capacity of a soil to function within ecosystem 
boundaries to sustain biological productivity, maintain environmental quality, 
and promote plant and animal health'. Doran and Safley (1997) used the terms 
soil quality and health synonymously, but suggest that the term soil health is 
preferred because it portrays the soil as a living, dynamic entity that functions 
holistically rather than an inanimate entity whose value depends on its innate 
characteristics and intended use. Thus, understanding of the factors that are 
particularly sensitive to change could be used to provide early indications of the 
impacts of perturbations on soil quality and health (Trasar-Cepada et al., 1998). 
The level of organic matter (OM) is a function of the net input of organic 
residues by rotation practices within the cropping system. Soil organic matter 
(SOM) is crucial for sustainable crop production in agricultural soils. Changes 
in the amount and characteristics of gross SOM pool occur very slowly. Thus, 
long-term experiments over decades are needed to determine the impact of 
management practices on SOM dynamics. The soil microbial community 
mediates the effect of management practices on SOM. Soil microorganisms 
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contribute to the maintenance of soil quality in that they control many key 
processes in soil and are responsible for many transformations in soil related to 
plant nutrition and health. Soil microorganisms are also responsible for OM 
decomposition, humus formation, and nutrient cycling. A high quality soil is 
biologically active and contains a balanced population of microorganisms. 
Application of mineral fertilizer has been reported to have a significant 
effect on the build up, dynamics and activity of microbial biomass. However, the 
effects of fertilizer N on soil microbial processes have often yielded variable 
results. Suppression of soil microbial respiration and or biomass has often been 
found when N is added as NH4NO3 or (NH4)aS04 (Smolander et al., 1994; 
Arnebrant et al., 1996). Nitrogen added as urea resulted in increased microbial 
respiration (Roberge, 1976) or biomass activity (Lovell and Hatch, 1998). 
Working with soil from two long-term cropping systems, Moore et al. (2000) 
found that the effect of urea on microbial biomass N (Nmic) and microbial 
biomass C (Cmic) was variable. McAndrew and Mahli (1992) observed decreases 
in Cmic and NmjC as the rate of N fertilizer (as ammonium nitrate) was increased. 
Thus, considerable seasonal variations in the microbial biomass and its activity 
have been reported. 
The type of plant cover and cropping history of soils have been found to 
influence the microbial biomass and its activity mainly by regulating the supply 
of carbonaceous compounds and competition with soil microflora for nutrient 
acquisition (Campbell et al., 1991a; Xu and Juma, 1993; Franzluebbers et al., 
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1994). The physical, chemical, biological and biochemical properties of a soil are 
all important for its behavior (Parr et al., 1992). Characterization of this 
behavior should focus on the properties that are most sensitive to environmental 
stress. While agricultural practices such as crop rotation and fertilization are 
generally known to have a significant effect on soil physical and chemical 
properties, less is known about the associated changes in soil biochemical 
properties and how such changes influence plant production and sustainability 
(Dick, 1992). The biological and biochemical component of soil quality are the 
most susceptible to change, and can be used along with other indicators based on 
chemical and physical properties of soil for assessing soil quality and health 
(Dick and Gupta, 1994; Pankhurst et al., 1995; Elliot, 1997). The biological and 
biochemical properties that are most useful for detecting the deterioration of soil 
quality are those that are most closely related to nutrient cycles, including 
microbial biomass, N mineralization capacity and the activities of soil enzymes 
(Visser and Parkingson, 1992). 
The soil microbial biomass (8MB) contributes to maintaining the long-
term agricultural sustainability, and is often regarded as an early indicator of 
changes in soil quality and health (Rice et al., 1996). Management practices 
associated with intensification of agriculture are well known to alter SMB and 
activity. Microbial biomass is also known to respond to addition of fertilizer 
(Fauci and Dick, 1994; Moore et al., 2000), and vary widely as a result of crop 
management practices (Campbell et al., 1991a; Moore et al., 2000) and inherent 
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properties (Kaiser et al., 1992). Management practices that provide a greater 
input of organic material increase the SOM content and sustain greater quantity 
of SMB. Soil with greater microbial biomass levels may be able to release 
nutrients more rapidly from plant material. 
Soil enzymes have been suggested as potential indicators of soil quality 
because of their relationship with soil biology, ease of measurement and rapid 
response to changes in soil management (Dick, 1994; Dick et al., 1996a). 
Enzymes catalyze all biochemical reactions and are an integral part of nutrient 
cycling in the soils. Investigation on a limited number of enzymes shows that 
agricultural management practices affect their activities (Dick, 1994). However, 
a wide range of enzymes has not been systematically investigated for their 
potential to reflect long-term soil management effect in relation to soil quality 
and health. 
Studies have shown that changes in microbial biomass and soil enzymes 
under different management are directly linked to the turnover of OM and the 
cycling of nutrients in soils (Ritz et al., 1997; Jensen et al., 1997). Soil microbial 
biomass and enzyme activity are generally related because it is through the 
biomass that transformation of important organic elements occurs. Management 
practices that affect microbial populations will indirectly affect enzyme 
activities. This is because soil microorganisms are considered the primary 
sources of enzymes in soils (Tabatabai, 1994). Thus, knowledge on the 
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relationship between microbial biomass and enzyme activities can provide 
information on the biochemical processes occurring in the soil. 
Nitrogen (N) mineralization potential is the intrinsic ability of the soil to 
supply inorganic N through mineralization of soil organic N over time. Nitrogen 
mineralization in soil is important from an environmental and economic point of 
view. It changes in response to accumulation and decomposition of organic 
materials and can be altered by managing the input of organic material. Thus, a 
better understanding of N mineralization process would be useful for efficient 
use of N and enhance the ability to predict rates of N release from soil organic N. 
The best approach for assessing changes in soil quality is to use 
knowledge from ecosystem processes such as N mineralization to develop 
cropping systems that better synchronize the availability of inorganic N with 
crop demand. A major challenge facing farmers and agricultural researchers 
today is to develop a satisfactory method for predicting N mineralization in soils. 
Chemical and biological tests have been used for many years in an attempt to 
predict the N supplying capacity of soils (Keeney and Bremner, 1967; Casser and 
Kalembasa, 1976; Stanford, 1982). Biological methods involving estimation of 
the mineral N produced when soil is incubated under conditions that promote 
mineralization of soil organic N have gained considerable acceptance. However, 
an incubation period more than 16 weeks is usually necessary to ensure that all 
potentially available N has been mineralized (King, 1984). 
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For this reason, a chemical approach to the problem is attractive, 
particularly because chemical methods are usually more rapid and more precise 
than biological methods. Unfortunately, the use of chemical techniques is also 
open to criticism because they do not simulate microbial processes responsible 
for mineralization of soil organic N. Further, their use has been limited because 
of the poor correlation with crop N uptake, probably due to the inability to 
selectively release the fraction of soil organic N that is made available for plant 
growth by soil microorganisms. 
The use of extractable organic matter as an index of N availability has 
long been recognized, and considerable effort has been expended to find a specific 
component that correlates with N mineralization and plant uptake in the field. 
Stanford (1968) reported that soils contain appreciable amounts of organic N 
(23-66%) that is extractable with boiling aqueous solution of 0.01 M CaCla or 0.5 
M Na-pyrophosphate, and that the amount of distillable N in the extracts 
correlated highly with the capacities of soils to mineralize N under anaerobic 
incubation conditions. A similar relationship was found for the NaOH-distillable 
fraction obtained by autoclaving soils in 0.01 M CaClg at 121°C for 16 h 
(Stanford and DeMar, 1969). Using a trial-and-error procedure, Stanford (1969) 
derived a rate expression describing the distillable organic fractions in the 0.1 M 
CaCla extract. However, the above results also suggested that the chemical 
nature (i.e., reactivity) of the source of distillable N derived by autoclaving did 
not differ among soils, as such, the utility of the derived reaction rate constants 
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in defining soil N availability cannot be made. Besides, the method is too 
complicated for use in soil testing laboratories, as it requires two extractions to 
remove NH4+-N present in the soil sample before autoclaving, and one to extract 
the NH4+-N present after autoclaving. Recently, Khan et al. (2001) reported that 
amino sugar N in soil hydrolysates could be used to differentiate between sites 
that are non responsive from those responsive to N fertilization. 
A simple and accurate chemical index of N mineralization is still not 
available. The cumulative amounts of organic N hydrolyzed by alkaline reagents 
with steam distillation may be described by a rectangular hyperbola in the form 
of Michaelis-Menten equation for describing enzyme kinetics (Michaelis and 
Menten, 1913). The magnitude of the maximum hydrolysis would be 
proportional to the concentration of total hydrolysable N, the higher the 
concentration, the higher the Nmax. A mathematical expression can be used to 
describe the rate equation for the effect of time on the velocity of the hydrolysis 
as follows: 
Nc — Nmax (t)/ [Kt + t] (4) 
where, Nc is the cumulative N hydrolyzed at time t, Kt the time required to 
hydrolyze one-half of the maximum hydrolyzable N (Nmax). To define the 
structure of these kinetically derived parameters, it is important to relate them 
to other biological and chemical indexes of N mineralization, as well as other 
biochemical processes such as soil enzyme activities. This would assist in 
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advancing knowledge on the nature of soil organic N and chemical index of the 
pool size of active N in soils. 
Soil microbes are the engines of organic N transformations in soils. 
Therefore, the usefulness of any chemical index of N availability depends on the 
degree to which it correlates with biological activities. Information on the rate of 
release and pool size of mineralizable N in relation to activities of enzymes 
involved in N mineralization process in soils is lacking. This is needed for better 
assessment of N fertilizer needs of crops (Deng et al., 2000). The criteria for 
choosing enzyme assays to achieve this objective should be based on their 
relevance to the N cycle. The amidohydrolases (amidase, asparaginase, 
aspartase, glutaminase) and arylamidase play important roles in releasing 
inorganic N from soil organic N and are suitable for this purpose. 
Therefore, the objectives of this study were: (1) to assess the impacts of crop 
rotations and N fertilization on the activities of 13 enzymes involve in the 
cycling of C, N, and P in soils, (2) to assess the effect of Cmic and Nmic on the 
activities of these enzymes, (3) to study the relationship between enzyme 
activities and N mineralization in soils, (4) to study the relationship between 
chemical and biological indexes of N mineralization and the activities of the 
amidohydrolases and arylamidase, (5) to assess the amounts of organic N 
hydrolyzable with alkaline reagents by steam distillation, (6) to determine the 
rate and kinetic parameters of results in (5), (7) to study the relationship 
between parameters obtained in (5) and chemical and biological indexes of N 
10 
mineralization, and (8) to assess the relationship between results in (6) and the 
activities of enzymes involved in N cycling in soils. 
Organization of Dissertation 
This dissertation is arranged in nine chapters. Chapters 1 and 2 are 
general introduction and literature review, respectively. Chapters 3 8 are 
prepared as independent articles submitted to or for submission to refereed 
journals. Chapters 3 6 describe the effect of crop rotation and N fertilization on 
the activities of arylamidase, glycosidases (a- and (3-glucosidase, a- and p-
galactosidase), amidohydrolases (amidase, asparaginase, aspartase, and 
glutaminase), and phosphatases (acid and alkaline phosphatase, 
phosphodiesterase), respectively. Each chapter also assessed the relationship 
between the respective enzyme(s) and Cmic Nmic, N mineralization, and 
appropriate soil properties. The relationship between N mineralization indexes 
and arylamidases activity in selected soils from the North Central Regions of the 
U.S. was investigated in chapter 7. The eighth chapter describes the kinetics of 
organic N hydrolysis by alkaline reagents. Hyperbolic and first order equations 
were used to derive kinetic parameters describing the observed data, which were 
related to other chemical and biological indexes of N mineralization, as well as 
the activities of amidohydrolases and arylamidase. Summaries of the results 
obtained in these studies are presented in chapter 9, and the Appendix contains 
additional tables. 
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CHAPTER 2 
LITERATURE REVIEW 
Soil Enzymes 
Enzymes are protein molecules that markedly increase the reaction rate 
and act in a precise and specific way (Lehninger et al., 1993). An enzyme-
catalyzed reaction occurs within the confines of a pocket of the enzyme molecule, 
consisting of a binding and a catalytic site called the active site. Enzymatic 
activity is markedly affected by pH, ionic strength, temperature, and the 
presence or absence of inhibitors or activators. Enzymes are denatured by 
elevated temperature and extremes of pH. Interest in soil enzymatic activity is 
derived from the notion that their potential activities relate to their activities in 
the natural soil and environment, with varying pH, moisture and substrate 
availability. 
Sources and role of enzymes in soils 
Enzymes may be intracellularly located in proliferating and non-
proliferating cells or with dead cells and cell debris (Burns, 1982). Most 
intracellular enzymes are involved in various aspects of cellular metabolism. 
These enzymes cannot function outside of the cell due to cofactor needs and 
sensitivity to variation in pH, redox potential, heavy metals, and other 
inhibitory physical conditions. Some intracellular enzymes are capable of 
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maintaining their activity upon cell lysis (e.g., some proteases), but generally are 
short lived outside of the protective environment of the cell. 
Enzymes contained between the cell wall and outer membranes of gram-
negative cells are referred to as periplasmic enzymes. The activity of 
periplasmic enzymes extends into the ambient medium. It is difficult to 
distinguish between cytoplasmic and periplasmic enzymes in soil samples, but it 
can be concluded that enzymes that exist in the periplasmic space in culture 
would also exist in soil. Examples of this class of enzymes include alkaline 
phosphatase. Leakage of periplasmic enzymes into the external milieu would 
result in their being classified as extracellular enzymes. Extracellular enzymes 
are defined by Skujins (1976) as those secreted by proliferating cells during 
normal growth but exclude those either within or attached to the outer surface of 
living cells. The activities of extracellular enzymes are directed toward external 
functions. These enzymes catalyze the conversion of molecules whose structure 
precludes transport through the cell membrane into the cell. 
Most of the enzymes studied in soils have a significant portion of their 
enzymatic activities associated with abiotic sources. These enzymes enter the 
soil matrix as extracellular enzymes excreted into the soil solution, or are 
released upon cell lysis or as a part of cell debris. Some of these enzymes are 
stabilized in the soil matrix and remain catalytic (Skujins, 1976). Abiotic 
enzymes can exist as stabilized enzymes in two locations: (i) adsorbed to internal 
or external clay surfaces; and (ii) complexed with humic colloids through 
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adsorption, entrapment, or co-polymerization during the genesis of humic matter 
(Boyd and Mortland, 1990). Enzymes can be linked to soil humic substances or 
mineral surfaces by ionic or hydrogen bonding. But only a small amount of the 
total activity is associated with enzymes in such a linkage (McLaren, 1975). A 
more important form of enzyme bonding in soils is by covalent bonding to humic 
components (Gosewinkel and Broadbent, 1986). 
Microbial, vegetal and animal cells may synthesize enzyme in soils but 
microorganisms are the most important sources (Ladd, 1985; Tabatabai, 1994). 
Roots can release extracellular enzymes into soils, or stimulate microbial growth 
and, thus, microbial enzyme activities through the release of root exudates, 
mucilages and root remains (Ladd, 1985; Dick, 1994; Nannipieri, 1994). An 
inherent difficulty of studying soil enzymes is that only small amounts of the 
total enzymes found in the soil can be extracted from soils (Tabatabai and Fu, 
1992). Strong extractants (e.g., alkali reagents) generally denature enzymes by 
disrupting the stereospecific structure that is necessary for biochemical 
reactions. Consequently, most investigations on soil enzymes are done by 
measuring their activity directly in soil samples. 
Enzyme assays are carried out by adding a substrate solution of known 
concentration to a known amount of soil and measuring the rate of conversion of 
substrate to product (Tabatabai, 1994). The assay is done under a strict set of 
conditions that includes temperature, buffer pH, and ionic strength. Thus, the 
results are operationally defined and any changes in these conditions will 
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change the measured activity. This means that enzyme assays measure the 
potential activity under optimal conditions. 
Differentiating between the contribution of extracellular and intracellular 
components is important, because it would enable the activity of stabilized 
extracellular enzymes, made resistant to thermal denaturing and proteolysis by 
association with soil colloids to be measured. The use of bacteriostatic agents to 
inhibit intracellular enzymatic activity is unsatisfactory due to various factors 
such as cell wall permeability, the possible induction of plasmolysis with release 
of intracellular enzymes, the promotion of microbial growth, and their variable 
effects depending on soil and enzyme assay condition (Ladd, 1985; 
Frankenberger and Johanson, 1986; Nannipieri, 1994; Tabatabai, 1994). Other 
procedures using antibiotics or high-energy irradiation, although insightful, 
have not been successful in clearly differentiating between the enzyme activities 
of viable cells and those of abiotic enzymes. 
Based on the work of Paulson and Kurtz (1969), McLaren and Pukite 
(1973) developed a method for estimating the contribution of extracellular 
components to the overall enzymatic activity of soils by monitoring urease 
activity and the number of ureolytic microorganisms in soil treated with glucose 
to promote microbial growth. By plotting urease activity against the number of 
ureolytic microorganisms and extrapolating to zero population, the positive 
intercept gave an estimate of extracellular urease activity. Following the same 
approach, microbial biomass measured by the ATP method and extracellular 
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phosphatase at pH 6.5 was measured in fresh soils (Nannipieri et al., 1996a). 
Recently, an innovative approach to discriminate between total, extracellular 
and intracellular (microbial biomass associated) enzymatic activity of urease and 
arylsulfatase in soils was developed by Klose and Tabatabai (1999a, b). The 
protocol involves assaying the activity of the enzyme at optimum pH in soil 
before and after chloroform fumigation. Total activity (intra and extracellular) 
was that obtained after chloroform fumigation without toluene treatment. 
Extracellular activity is that measured before chloroform fumigation without 
toluene treatment. Intracellular activity is the difference between total and 
extracellular activity. 
Glycosidases 
The general term glycosidase or glycoside hydrolase has been used to 
describe a group of enzymes that catalyze the hydrolysis of different glycosides. 
These enzymes play a major role in degradation of carbohydrates in soils, and 
their hydrolysis products are important energy sources for soil microorganisms. 
The general equation of the reaction is as follows: 
Glycosides + H2O > Sugar + Aglycons. 
Glycosidases usually have been named according to the type of bond that they 
hydrolyze. Among the glycosidases, a-glucosidase (EC 3.2.1.20), which catalyzes 
the hydrolysis of a-D-glucopyranoside and (3-glucosidase (EC 3.2.1.21), which 
catalyzes the hydrolysis of P-D-glucopyanosides, are involved in hydrolysis of 
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maltose and cellobiose, respectively. Other important glycosidases are a-
galactosidase (EC 3.2.1.23) and p-galactosidase (EC 3.2.1.23). These enzymes 
catalyze the hydrolysis of melibiose and lactose, respectively. The microbial 
degradation of cellulosic biomass requires the action of at least three groups of 
enzymes, including p glucosidase, to act synergistically in hydrolyzing the P-1,4 
bonds of cellulose to glucose. In fungi and bacteria, the enzyme is involved in 
cellulose and cellobiose catabolism as part of the cellulose complex. 
Glycosidases are widely distributed in nature, and have been detected in 
microorganisms, animals, and plants (Bahl and Agrawal, 1972; Dey and 
Pridham, 1972, Wallenfels and Weil, 1972). A method for assaying the activities 
of the glycosidases was developed by Eivazi and Tabatabai (1988). The 
procedure involves extraction and colorimetric determination of the p-
nitrophenol released when soil is incubated with buffered p-nitrophenol 
glycoside solution at 37°C for 1 hour. The reaction involved is as follows: 
glucosidase 
H OH 
p-nitrophenyl-P-D-glucose p-nitrophenol P-D-glucose 
17 
Amidohydrolases and arylamidase 
The amidohydrolases are group of enzymes involved in the hydrolysis of 
native and added organic N in soils. Among these are the L-asparaginase, L-
glutaminase, amidase, and L-aspartase. The enzyme L-asparaginase (EC 
3.5.1.1) catalyzes the hydrolysis of L-asparagine, producing L-aspartic acid and 
ammonia, according to the reaction: 
NH2 VH2 | Asparaginase | 
H2N—CO—CH2—CH—COOH + H20 • COOH—CH—CH2-COOH + NH3 
L-Asparagine L-Aspartic acid 
Asparaginase plays an important role in mineralization of organic N in 
soils. This enzyme has been shown to vary widely in different strains of 
microorganisms, and the product of hydrolysis, L-asparagine, plays a major role 
in N translocation and storage in many plants. In many legumes, L-asparagine 
is the main assimilatory product of N fixation and nitrate reductase (Atkins et 
al., 1975). Plant may contribute substantial amount of L-asparagine to soils, 
which is hydrolyzed by soil L-asparaginase to release into the inorganic N 
pool. Soil was first tested for L-asparaginase activity by Beck and Poschenrieder 
(1963), a method for its assay was later developed by Frankenberger and 
Tabatabai (1991). 
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The enzyme L-aspartase (EC 4.3.1.1) catalyzes the hydrolysis of L-
aspartate to fumarate and NH3. This enzyme is distributed widely in nature, 
and has been detected in bacteria, plants, and certain animal tissues (Tabatabai, 
1994). Work by Frankenberger and Tabatabai (1991a) showed that the aspartic 
acid formed when L-asparagine is hydrolyzed in soils is not hydrolyzed further to 
NH3 within two hours of incubation at 37°C. Based on this knowledge, Senwo 
and Tabatabai (1996) incubated soil with L aspartate for 6 to 72 h at 37°C and 
found that NH4+ was released. Subsequently, they developed a procedure for 
assaying the activity of L-aspartase in soils according to the reaction: 
Senwo and Tabatabai (1996) suggested that L-aspartase may play a role in 
mineralization of organic N in soils. 
L-Glutaminase (EC 3.5.1.2) plays an important role in supplying N to 
plants. It is specific and acts on C-N bonds other than peptide bond in linear 
amides. The enzyme catalyzes the hydrolysis of L-glutamine yielding L-glutamic 
acid and NH3. Glutaminase is widely distributed in nature, has been detected in 
several animals, plants, and microorganisms, but plants and microorganisms are 
probably the main source of L-glutaminase activity in soils (Tabatabai, 1994). 
nh2 
I 
HOOC—CH—CH2-COOH + H20 
L-Aspartic acid 
Aspartase 
- HOOC—CH=CH—COOH + NH3 ' 
Fumaric acid 
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Because this enzyme is important in N cycling, a method for assaying its activity 
was developed by Frankerberger and Tabatabai (1991b). The reaction involved 
is as follows: 
NH2 NH2 
1 Glutaminase I HOOC—CH—CH2—CH2—CO—NH2 + H20 HOOC-CH—CH2-CH2-COOH + NH3 
Glutamine Glutamic acid 
Amidase (EC 3.5.1.4) is the enzyme that catalyzes the hydrolysis of 
amides and produces the corresponding carboxylic acid and ammonia: 
RCONH2 + H20 AMIDASE » NH3 + RCOOH . 
Amidase act on C-N bond other than peptide bonds in linear amides, and is 
widely distributed in nature. Microorganisms shown to possess amidase activity 
include bacteria, yeast, and fungi (Tabatabai, 1994). The substrates for amidase 
activity (amides) are thought to be potential N fertilizers manufacturing 
materials (Frankenberger and Tabatabai, 1980; Cantarella and Tabatabai, 
1983). A simple method was developed for the assay of the activity of this 
enzyme by incubating soil with buffered amide solution and the amount of NHa 
release was quantitatively determined by steam distillation (Frankenberger and 
Tabatabai, 1980). 
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Arylamidase (EC 3.4.11.2) catalyzes the hydrolysis of N-terminal amino 
acid from peptides, amides, or arylamides. This enzyme has been detected in 
the tissues of all animals (Hiwada et al., 1980), plants and microorganisms 
(Appel, 1974). The activity of this enzyme was detected recently in soils and a 
procedure for its assay developed by Acosta-Martinez and Tabatabai (2000a) 
according to the reaction: 
P-Ntaphhybrrine 
Ueunne (l-Niptohylarrtnc 
The activity of arylamidase is believed to play a role in the initial reactions of 
the mineralization of amino acids in soils, and has been suggested as the rate-
limiting step in the process of organic matter mineralization in soils. 
Phosphatases 
The general name phosphatase is used to describe a broad group of 
enzymes that catalyze the hydrolysis of both esters and anhydrides of H3PO4 
(Schmidt and Laskowski, 1961). Among these, acid phosphatase (EC 3.1.3.2) 
and alkaline phosphatase (EC 3.1.3.1), collectively referred to as 
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phosphomonoesterases, have been studied extensively. Acid and alkaline 
phosphatases are classified based on the pH of optimum activity. The reaction 
catalyze by these enzymes in nature are as follows: 
O n | | Acid or Alkaline y| 
RO PO ~ + h20 Phosphatase ^ HO PO~ + ROH 
o ~  j , -
The enzyme phosphodiesterase (EC 3.1.4.1) also belongs to this group but 
is the least studied in soils. It catalyzes the reaction: 
/OH ^OH 
O = P— OR, + H,0 Phosphodiesterase Q = P OH + R OH 
V ' v 
The activity of phosphodiesterase has been detected in various plants, animals, 
and microorganisms (Browman and Tabatabai, 1978), and is also known to 
degrade nucleic acid. The activities of the phosphatases Eire important in soil 
organic P mineralization and plant nutrition. They have been shown to 
hydrolyze p glycerophosphate, phenylphosphate, and P-naphthyl phosphate in 
soils. The use of p-nitrophenol phosphate as chromogenic substrate for assaying 
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the activity of phosphatase was introduced by Tabatabai and Bremner (1969), 
according to the following reaction: 
NO2 NO2 o Phosphatase II 
+ H2O 4. HO P OH -
O o OH 
p-nitrophenol 
HO p=o 
o 
p-nitrophenyl phosphate 
Research on cropped soils indicated that organic P (P0) mobilization occurs 
when inorganic P (Pi) supply limits plant growth and phosphatase enzymes of 
plant and microbial origins are induced (Sharpley, 1985). The turnover and 
depletion of soil P0 are greatest in rhizosphere soil (Helal and Sauerbeck, 1984; 
Tarafdar and Jungk, 1987). Phosphatase activity was found to be greater in the 
rhizosphere of young and perennial plants than in bulk soil (Burns, 1985; Burns 
et al., 1989; Hàussling and Marschner, 1989; Fox and Comerford, 1992). This 
has permitted the observation in vivo of acid phosphatase activity in the 
rhizosphere of soil-grown plants (Dinkelaker and Marschner, 1992). Roots under 
sterile conditions produce phosphatases able to hydrolyze a wide range of P0 and 
polyphosphates (Dick and Tabatabai, 1986; Tarafdar and Claassen, 1988; Juma 
and Tabatabai, 1988). Phosphatase activity varies with plant species and 
variety (Helal, 1990) and along roots (Adams and Pate, 1992). Kroehler and 
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Linking (1988) showed that Pi produced by the hydrolysis of P„ at the root 
surface could provide up to 65% of the annual P need of Eriophorum vaginatum, 
while the amount of P0 mineralized through enzymatic activity by oats, barley, 
clover or wheat surpassed by a factor of 20 the plant uptake of added P under 
both sterile and non sterile conditions (Tarafdar and Claassen, 1988; Tarafdar et 
al., 1992). 
Microbial phosphatases may also be of importance for plant nutrition 
(Tarafdar and Claassen, 1988). The uptake of P by Pinus caribea from phytic 
acid was strongly enhanced when the plant was inoculated with both phosphate 
solubilizing bacteria and the ectomycorrhizal fungus Pisolithus tinctorius. 
(Chakly and Berthelin, 1983). Macrofauna, such as earthworms can affect the 
production of microbial phosphatase (Satchell et al., 1984), possibly through 
increasing microbial activity. The production of phosphatase either by roots or 
associated microorganisms is an efficient strategy for the acquisition of P by 
plants. The factor limiting plant utilization of PQ is the availability of these P0 
sources rather than the production of enzymes (Tarafdar and Claassen, 1988). 
Soil Enzyme Activities and Biological Properties of Soils 
Considerable effort has been expended in determining the relationship 
between enzyme activities and microbial properties. Some studies have shown 
various microbial indicators to be correlated with the activity of dehydrogenase, 
protease, cellulase, phosphatase, and urease (Nannipieri et al., 1978; Ross and 
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Cairns, 1982; Tiwari et al., 1989). Alef et al. (1988) have proposed arginine 
ammonification as a biological index. Frankenberger and Dick (1983) found that 
the activities of alkaline phosphatase, amidase and catalase were correlated 
with both microbial respiration and total biomass but not to microbial plate 
counts in glucose amended soils. 
The most widely studied enzyme indicator of soil biological activity is 
dehydrogenase because it exists only in viable cells. Dehydrogenases use oxygen 
directly as a hydrogen acceptor (aerobic dehydrogenases) or operate through 
other hydrogen acceptors (anaerobic dehydrogenases). However, it is not 
correlated consistently with microbial activity (Skujins, 1978; Frankenberger 
and Dick, 1983). The relationship between dehydrogenase activity and N 
mineralization was investigated in soils from two long-term cropping systems by 
Deng et al. (2000). They found that N mineralization significantly correlated 
with dehydrogenase activity at one site by not the other. 
Protease activity is often well correlated with microbial biomass 
(Nannipieri et al., 1978; Asmar et al., 1992) because it apparently exists only in 
microbial cells or is excreted into soil solution as an extracellular enzyme. 
Extracellular protease does not survive longer than six to seven days in soils 
(Nannipieri et al., 1978; Asmar et al., 1992) and apparently does not stabilize in 
the abiotic form. Extracellular protease activity in soil solution is highly 
correlated with ATP content and total bacterial counts (Asmar et al., 1992). 
25 
Influence of Fertilizers on Soil Enzyme Activities 
The influence of fertilizers (inorganic and organic) on soil enzyme activity 
depends on soil type, enzyme type, and time of application. In long-term 
experiments, effects may be caused by changes in soil characteristics such as 
plant yields, moisture content, concentration and availability of organic and 
inorganic nutrients. A study of the effects of mineral and organic fertilizers on 
soil enzyme showed that catalase activity increased 52 to 84% after application 
of organic fertilizer, whereas cellulolytic activity showed no significant fertilizer 
effects, although the activity was lower in the fertilized treatments than in the 
controls (Aescht and Foissner, 1992). 
Haynes and Swift (1988) found that additions of phosphate decreased the 
activities of protease, sulfatase, and phosphatase, but increased the 
accumulation of mineral N and SO42". This latter result suggested that protease 
and sulfatase activities were not reliable indicators of the relative amounts of 
mineral N and SO42" accumulated in the soil during incubation. The effects of N 
fertilization on the activities of soil enzymes are often influenced by the presence 
of carbon sources. Ladd and Paul (1973) measured several biological variables 
during a period of immobilization of nitrate-15N and mineralization of organic N 
in a sandy-loam soil. The found that enzyme activities generally increased with 
a concomitant increase in viable bacterial populations. Changes in enzyme 
activities were, however, not associated with changes in protein-15N 
concentrations of the different fractions. 
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Stimulating effects on dehydrogenase activity in a soil cultivated with 
potatoes were measured only when N fertilizers were supplemented with a C 
source, sucrose (Ritz et al., 1992). There were no consistent effects from addition 
of N, either alone or with straw. Negative effects of different forms of N on 
urease production were detected in soils amended with glucose (McCarty et al., 
1992). The addition of NH4+ or NO3 to carbon amended soils repressed urease 
production, although microbial activity, as measured by CO2 evolution, was 
stimulated. The inhibition of N transformations by microorganisms (inorganic N 
assimilation and NO3 reduction to NH4+) relieved the repression of urease 
production. This observation indicated that products formed by microbial 
assimilation of NH4+ and NO3 probably repressed microbial production of urease 
in the soils. The addition of NH4NO3 with glucose increased the activity of soil 
acid phosphatase six fold (Spiers and McGill, 1979). Several N, P, K and S 
fertilizers as well as urea had no effect on the activity of urease in Iowa soils 
(Bremner and Mulvaney, 1978). 
Impact of Cropping Systems on Soil Enzyme Activities 
Cropping systems that return elevated levels of green manures/crop 
residues significantly increased the activity of a wide range of soil enzymes over 
unamended soil (Dick et al., 1988; Martens et al., 1992; Jordan et al., 1995). The 
increase in enzyme activity in soils amended with organic residues is due to 
stimulation of microbial activity (Martens et al., 1992). Crop rotations that 
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provide greater plant diversity than monoculture systems generally have a 
positive effect on soil enzyme activities (Khan, 1970; Dick, 1984; Bolton et al., 
1985). This effect may be due to stimulation of microorganisms in the 
rhizosphere and improved physical conditions of soils in crop rotations, 
particularly when rotations contain legume species (Miller and Dick, 1995a,b). 
Plant roots stimulate enzyme activity (Castellano and Dick, 1991; Tabatabai and 
Bremner, 1970) by creating favorable microhabitats for microbial activity. 
Garcia et al. (1994) found that soil enzyme activities were lower in an arid region 
of Spain than those reported in more humid regions, and that the activities of 
dehydrogenase, protease, phosphatase, and p glucosidase were better indicators 
of soil degradation than total organic C. In northeastern India, soils degraded 
by slash and-burn agriculture had consistently lower levels of dehydrogenase, 
phosphatase and urease activities than soils in natural forest (Jha et al., 1992). 
Working with total and extracellular activities of urease and 
arylsulfatase, Klose et al. (1999) and Klose and Tabatabai (2000) found that 
cropping systems affected the pools of these enzymes in soils. Their results also 
showed that monocropping decrease, whereas crop rotations involving meadow 
increased, the enzyme activities. Other studies have also reported a significant 
effect of crop rotations on the activities of range of enzymes in soils (Bandick and 
Dick, 1999; Deng et al., 2000). 
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Soil Quality and Health 
Interest in evaluating the quality and health of our soil resources has 
been stimulated by increasing awareness that soil is a critically important 
component of the earth's biosphere, functioning not only in the production of food 
and fiber but also in the maintenance of local, regional, and global 
environmental quality (Glanz, 1995). Soil quality has been defined as 'the 
capacity of a specific kind of soil to function, within natural or managed 
ecosystem boundaries, to sustain plant and animal productivity, maintain or 
enhance water and air quality, and support human health and habitation' 
(Karlen et al., 1997). In discussion of the ambiguity of environmental terms and 
the need to standardize their meanings, Johnson et al. (1997) defined soil quality 
as a measure of the condition of soil relative to the requirements of one or more 
biological species and/or to any human purpose. The term 'soil health' is 
preferred by some (Doran and Safley, 1997) because it portrays soil as a living, 
dynamic system whose functions are mediated by a diversity of living organisms 
that require management and conservation. 
The quality of a soil includes an inherent component, determined by the 
soil's physical, chemical and biochemical properties within the constraints set by 
climate and ecosystem. In addition, soil quality includes a component affected 
by management and land-use decisions. Unfortunately, past management of 
agriculture and other ecosystems has substantially degraded and reduced the 
quality of many soils throughout the world (Saunders, 1992; Oldeman, 1994). In 
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particular, mechanical cultivation and the continuous production of row crops 
have resulted in physical loss of soil, displacement through erosion, and large 
decreases in soil organic matter content. Further, the projected doubling of the 
human population in the next century threatens accelerated degradation of soils 
and other natural resources. Thus, to preserve agriculture for future 
generations, we must develop production systems that conserve and enhance soil 
quality. 
Soil quality indicators 
The word indicator is defined as a pointing or directing device. An 
ecological indicator can be a plant or animal that, by its presence or absence, 
suggests a given condition. Soil quality indicators are needed to measure 
changes in soil function that results from management changes. The indicator 
ideally should be sensitive to changes over a few years or growing season. The 
assessment of soil quality or health, and direction of change with time, is the 
primary indicator of sustainable land management (Karlen et al., 1997). 
Assessment of soil quality/health is needed to identify problem production 
areas, make realistic estimates of food production, monitor changes in 
sustainability and environmental quality as related to agricultural management, 
and to assist government agencies in formulating and evaluating sustainable 
agricultural and land-use policies (Granatstein and Bezdicek, 1992). However, 
the use of simple indicators of soil quality and health that have meaning to 
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farmers and other land managers will likely be the most fruitful means of 
linking science with practice in assessing the sustainability of management 
practices (Romig et al., 1996). 
Soil quality and health indicators relate mainly to their utility in defining 
ecosystem processes and integrating physical, chemical, and biological 
properties, their sensitivity to management and climatic variations, and their 
accessibility and utility to agricultural specialists, producers, conservationists, 
and policy makers (Doran and Parkin, 1996). In order for an indicator of soil 
health or soil quality to be successful, it should be: (i) sensitive to variations in 
management, (ii) well correlated with beneficial soil functions, (iii) useful for 
elucidating ecosystem processes, (iv) comprehensible and useful to land 
managers, and (v) easy and inexpensive to measure (Doran and Zeiss, 2000). 
Because the ultimate determinant of soil quality and health is the land 
manager, indicators of soil quality and sustainability should be accessible to 
them in term of both time and money. 
Soil microbiota as indicator of soil quality and health 
Soil organisms play a direct role in many ecosystem processes including 
conversion of nutrients into forms available to plants (Drinkwater et al., 1996) 
and suppression of noxious organisms (Oyarzun et al., 1998). Further, by 
affecting soil structure, soil organisms play a critical indirect role in processes 
such as water infiltration (Anderson, 1995). Soil organisms respond sensitively 
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to anthropogenic disturbance (Pankhurst et al., 1995), and the abundance and 
diversity of soil organisms often are well correlated with many beneficial soil 
functions (Pankhurst et al., 1995). 
Because quantifying species diversity requires substantial knowledge of 
taxonomy and can be extremely time consuming and costly, its use as an 
indicator has been questioned. However, it may be possible to develop measures 
of functional diversity measurable by non taxonomists (Bengtsson, 1998). In 
general, quantifying soil organisms neither is inherently expensive nor requires 
much specialized equipment (e.g. Blair et al., 1996). However, research is 
needed to develop sampling protocols (Dick et al., 1996b) compatible with the 
time constraints imposed by the normally hectic and unpredictable schedules of 
land managers. 
Soil enzyme activity as indicator of soil quality and health 
Soil enzymes have a unique and appropriate role in assessing soil quality 
and health because of their central role in catalyzing biochemical reactions in 
the soil environment. Measurement of soil enzyme activities has been suggested 
to provide a useful index of changes in soil quality (Dick, 1992; Visser and 
Pankinson, 1992). In a study to assess the effect of lime application on 
agricultural soil, Acosta-Martinez and Tabatabai (2000b) found that the 
activities of 14 enzymes involved in C, N, P, and S cycling in soils were 
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significantly affected by changes in pH. They concluded that enzyme activity 
have a potential as early indicator of soil quality and health. 
Early work by Pancholy et al. (1975) showed that urease and 
dehydrogenase activity were good indicator of the potential for monitoring the 
re-vegetation of a landscape near an abandoned zinc smelter. Garcia et al. 
(1994) found a negative correlation between soil electrical conductivity and 
dehydrogenase, phosphatase, urease, and ^-glucosidase among 36 soils in an 
arid region of Spain. Soil enzyme activities have been used to determine the 
impact of pollution or severe perturbation on soil health, and to assess the 
success of remediation activities. Ecological Dose Model was developed by Spier 
et al. (1995) to provide a mean to determine a site specific/relative measure of 
soil health. 
Soil Microbial Biomass 
Soil microbial biomass is an agent of biochemical change in soil, a 
repository of plant nutrients, and is more labile than the SOM (Jenkinson, 
1988). Microorganisms, composing the SMB pool, control the flow of C and 
cycling of nutrients in soils. The SMB is regarded as a major nutrient sink 
during C immobilization and a source during mineralization (Voroney and Paul, 
1984). Utilization of plant residues by SMB enhances the turnover of SOM 
through concurrent immobilization, mineralization, and stabilization reactions. 
These fundamental processes maintain plant nutrient cycling and are important 
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for long-term conservation of SOM through the production of precursors of humic 
substances. The chloroform fumigation-incubation method introduced by 
Jenkinson and Powlson (1976), and the modifications described by Voroney and 
Paul (1984), is widely used to measure SMB in soils. 
The growth and function of SMB is limited by the availability of C 
substrate. Energy flux through SMB determines whether the system is building 
or depleting the SOM. The energy flux through the SMB drives the 
decomposition of organic residues (Smith and Paul, 1990) and soil organic 
matter. If decomposition exceeds C inputs, the soil organic matter will decline. 
The mineralization of N will result in their becoming vulnerable to possible 
losses into the environment by leaching, denitrification, or other mechanisms 
(Follett et al., 1995). Soil microbial biomass is generally stable for a particular 
soil/land use system, and so can serve as an index of the effects of agricultural 
management practices on soil quality (Moore et al., 2000). 
Factors such as crop type, tillage practices, residue management and 
fertilization interact with crop rotation to regulate SMB levels (Moore et al., 
2000). Fyles et al. (1988) studied the effects of crop rotation and the type of crop 
being grown on SMB and found that in as little as three years, response to 
different crop within their rotation had resulted in an average SMB in the soil 
(0- to 15-cm depth) that was significantly in the oat than in the alfalfa 
treatment. Crop rotation provides the opportunity to grow more than a single 
crop, and thus the return of residues with different C/N ratios to the soil. 
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Bremer and van Kessel (1992) used 14C-labeled plant residues to show that more 
of the l4C was incorporated into microbial biomass from lentil (Lens culinaris 
Medik.) green manure than from wheat straw. The fraction of residue 14C 
mineralized or assimilated by the SMB was higher from the lentil than from the 
wheat straw in early May, but similar for the two residue types by early August. 
Comparison of long-term cropping systems by Collins et al. (1992) for 
SMB levels showed grass-pasture system to have the highest level followed by 
the wheat-pea and continuous wheat systems and wheat-fallow with the lowest 
level. Franzleubbers et al. (1995) reported that the vertical distribution of SMB 
followed a similar pattern to that of the SOM. Moore et al. (2000) found that 
crop rotations increased the levels of both Cmic and Nmic relative to monocropping 
in soils from two long-term cropping systems in Iowa. 
Nitrogen Mineralization 
About 95% of the total N in soil is in organic form, a small part of this 
fraction is mineralized during the growing season by microbes to inorganic N. 
Mineralization provides NH<+ and NOa for plant assimilation, and the process in 
soil is estimated by quantifying NH4+ and NO3 because NH4+ is usually oxidized 
to NO3 . Soil organic N is distributed among plant, animal, and microbial 
biomass, litter and humic substances pools (Tate, 2000). The process of 
converting organic to mineral N is the result of catalysis of a limited number of 
compounds by enzymes (e.g., amidases, proteases). The predominant 
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nitrogenous compounds such as amino acids and amino sugars are all relatively 
rapidly decomposed by a vast variety of soil microbes. However, N 
mineralization is not proportional to the quantities of these compounds present 
in the soil. Serna and Pomares (1992) found that prediction of soil N availability 
to plants in growth-chamber studies required analysis of initial mineral N 
compound in the soils plus several chemical and biological assays. 
Another difficulty in using concentration of decomposable organic N 
compound as predictor of N mineralization potential is the fact that N 
mineralization may not be the primary reason for the conversion of the organic 
N to NH|+ or NOa". Organic N compounds in soil may also serve as sources of 
carbon and energy for the microbial community. Le arch et al. (1992) evaluated 
the mineralization of organic sewage sludge constituent in soil and found that 
the quantities of protein extracted from the sludge was highly correlated with C 
mineralization rate. This supports the hypothesis that the soil microbial 
community was using protein as a C rather than N source. 
Nitrogen availability indexes of soils 
The need for a quick, reliable soil N availability test has become greater 
as the price of N fertilizer rises and the concern over N pollution of the 
environment increases. Thus, lots of efforts have been expended in finding 
chemical and biochemical indexes to predict N availability. Methods used for 
estimating potentially available N include both chemical and biological 
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procedures. They have been extensively reviewed. (Bremner, 1965; Keeney, 
1982; Stanford, 1982). 
The biological methods generally involve short-term incubation, typically 
7-28 days or long-term 30-200 days under aerobic or anaerobic conditions 
(Keeney, 1982; Bundy and Meisinger, 1994). The basis of these methods are that 
the release of mineral N during incubation involves microbiologically based 
process, as does the release of N during the growing season in the field. 
Although these incubation techniques provide a fairly satisfactory index of the 
availability of soil N to plants when compared with the results of greenhouse 
trials, in practice, correlation with field data are typically less satisfactory 
(Keeney, 1982). A method based on pulse labeling with 15N followed by aerobic 
incubation to estimate the size of the biologically active N pool was developed by 
Duxbury et al. (1991). This method relies on microbial immobilization-
mineralization to distribute 15N to all biologically active pools, and thus reflects 
microbial activity as well as biologically active N in nonliving organic pools. 
Chemical approach to the problem through development of laboratory 
indexes is attractive, particularly because chemical methods of analysis are 
usually more rapid and more precise than biological methods. Chemical 
methods for estimating potentially mineralizable N ranged from mild treatments 
such as extraction of N with concentrated salt solutions, to drastic treatments 
that use acid to partially hydrolyze organic N compounds. Many chemical 
reagents have been evaluated as possible tools for assessing how much N may be 
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mineralized during the growing season (Keeney, 1982). Several reports 
suggested that hot dilute KC1 solution was potentially very useful for this 
purpose. 0ien and Selmer-Olsen (1980) found a high correlation between the N 
extracted with 2 M KC1 at 80°C over 20 hours and that released by aerobic 
incubation. Selmer-Olsen et al. (1981) found a good relationship between the 
same extraction method and the uptake of N by oat plant. Independent work by 
Whitehead (1981) showed that the released of N from 23 soils by boiling with 1 
M KC1 for 1 hour was well correlated with ryegrass uptake. It should be noted 
that the chemical methods are empirical and limited by the degree to which they 
correlated reliably with biological measurements of N availability. 
Understanding the effect of management practices on N mineralization 
rate should improve fertilizer management practices. Cropping and tillage 
intensities as well as N application have been shown to affect N mineralization 
rates (Campbell et al. 1991a; Franzluebbers et al., 1994). Recently, the effects of 
crop rotation and N fertilization on N mineralization in soils from two long-term 
field experiments were studied by Deng and Tabatabai (2000). Their results 
indicated that N mineralization was affected by cover crop at the time of 
sampling, and that continuous soybean decreased, whereas inclusion of meadow 
increased, the cumulative amount of N mineralized during 24 weeks of 
incubation at 30°C. 
The active N pool as defined by Duxbury et al. (1991) includes the N 
participating in short-term biological cycling within soils. Inorganic N, 
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mineralizable N (No), and microbial biomass N (Nmic) are different active pools 
that influence N availability in soils. These active soil N fractions are 
presumably closely related to the activity of the indigenous microorganisms. 
The relationship among different active N pools of organic matter in soil was 
evaluated by Deng et al. (2000). Their results indicated that No was more 
sensitive to changes in the size of the Nmic than do changes in organic N, and 
that biomass values were more highly correlated with activities of 
dehydrogenase and amidase. As a result, they concluded that Nmic and Cmic are 
better indexes of N mineralization in soils than organic C or N. The No and/or 
organic N in soils under meadow-based cropping systems was found to contain 
higher proportion of active N fractions compared to continuous soybean (Deng 
and Tabatabai, 2000). 
Extractable organic matter fractions as index of N availability 
The use of extractable organic matter as index of N availability has long 
been recognized, and considerable effort expended to find specific component 
that correlates with N mineralization and plant uptake in the field. Stanford 
(1968) reported that soils contain appreciable amount of organic N (23-66%) 
extractable with boiling aqueous solution of 0.01 M CaClz or 0.5 M Na-
pyrophosphate, and that the amount of distillable N in the extracts correlated 
highly with the capacities of soils to mineralize N under anaerobic incubation 
conditions. A similar relationship was found for the NaOH-distillable fraction 
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obtained by autoclaving soils in 0.01 M CaClg at 121°C for 16 hrs (Stanford and 
DeMar, 1969). Using a trial and error procedure, Stanford (1969) derived a rate 
expression describing the distillable organic N fractions in the 0.1 M CaCh 
extract. The above results, however, also suggested that the chemical nature 
(i.e. reactivity) of the source of distillable N derived by autoclaving did not differ 
among soils, as such, the utility of the derived reaction rate constants in defining 
soil N availability can not be made. Besides, the method is too complicated for 
use in soil testing laboratories, as it requires two extractions to remove NH4+-N 
present in the soil sample before autoclaving, and one to extract the NH4+-N 
present after autoclaving. Recently, Khan et al. (2001) reported that amino 
sugar N in soil hydrolysates could be used to discriminate between sites that are 
non-responsive from those responsive to N fertilization. 
Modeling N mineralization in soils 
Modelings of N mineralization kinetics in soils usually involve prediction 
of an active fraction of total organic N and a rate constant to describe the rate of 
mineralization. Parameters for a simple functional approach have been obtained 
from long-term laboratory incubation studies (Stanford and Smith, 1972; Deng 
and Tabatabai, 2000). Net N mineralization under such conditions was observed 
to follow first-order kinetics (Stanford and Smith, 1972), and is approximated by 
the equation: 
dN/dt - -kN, (1) 
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where, N is the concentration of mineralizable N, k is the rate constant, and t is 
time. Integrating this equation between to and t yields: 
Nt = Noexpi-kt), (2) 
where, No is the initial amount of substrate or the potentially mineralizable N, 
and Nt is the amount of substrate at time t. The equation may be modified by 
substituting Nt = (No-Nm), where, Nm is the N mineralized in time t, as follows: 
Nm — No [1 — exp(-feJ)]. (3) 
Because the quantities Nm and t in this equation can be experimentally 
determined, No and k are estimated by fitting an equation of the form shown 
above to a series of observations of Nm and t by iteration procedure. 
Empirically determined polynomials and parabolic functions have also 
been proposed to describe N mineralization in soils (Broadbent, 1986; Marion 
and Black, 1987). Although these empirically determined equations provide a 
better fit to the data compared to first-order models, no physical meaning have 
been attached to the regression coefficients. Few attempts have been made to 
establish linkages between the model pool definitions and measurable quantities 
either by devising advanced laboratory fractionation procedures to match 
measurable organic matter fractions with pool model definitions, or by revising 
model pool definitions to coincide with measurable quantities (Christensen, 
1996). 
Through successive distillation of soils with alkaline reagents for a 
constant time intervals, the rate of NH4 release from soil organic N was 
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characterized (Rajas, 1986, unpublished dissertation). In other studies, 
potential mineralizable N and mineralization rates derived by first-order 
equation proposed by Stanford and Smith (1972) were compared with those 
obtained by mathematical model similar to the Michaelis-Menten equation for 
enzyme reactions. Results showed that the No calculated by reciprocal plots of 
hydrolysis with direct steam distillation significantly correlates with that 
obtained from exponential equation for the N mineralization in leaching 
columns. Nitrogen mineralization in soils under long term incubation condition 
has been modeled using a rectangular hyperbola equation: 
Nc — Nmax (t)/ [Kt + tj, (4) 
where, Nc is the cumulative N mineralized at time t, Nmax is the maximum 
mineralizable N, and Kt is the time required to hydrolyzed one-half of Nmax. 
Using equation (4), Juma et al. (1984) showed that the most appropriate method 
for calculating the values of the parameters in the equation describing the net N 
mineralization in soils showed that Nmax and Kt determined by nonlinear least 
squares yielded the best fit to the data for labeled soil and had the lowest root 
mean square error. These authors also indicated that linear regression of 1/NC 
on 1 It yielded Nmax and Kt values which were markedly different than those 
obtained with the Nc vs. Ndt and t/Nc vs. t transformations. 
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CHAPTER 3 
CROPPING SYSTEMS AND MICROBIAL BIOMASS EFFECTS ON 
ARYLAMIDASE ACTIVITY IN SOILS 
A paper published in Biology and Fertility of Soils 
Daniel E. Dodor and M.A. Tabatabai 
Abstract 
The activity of arylamidase (EC 3.4.11.2) was recently detected in soils. 
This enzyme catalyzes the hydrolysis of an N terminal amino acid from peptides, 
amides, or arylamides. Recent work suggests that this enzyme is involved in N 
mineralization in soils. The impacts of crop rotations and N fertilization on the 
activity of arylamidase were investigated in soils of two long-term cropping 
systems at the Northeast Research Center (NERC) in Nashua and the Clarion-
Webster Research Center (CWRC) in Kanawha, Iowa, to assess the effect of the 
microbial biomass C (Cmic) and N (Nmic) contents on the activity of this enzyme. 
Surface soils (0-15 cm) were taken in 1996 and 1997 from four replicate field 
plots in corn, soybean, oats, or meadow (alfalfa) that received 0 or 180 kg N ha1 
before corn. Results showed that arylamidase activity was significantly affected 
by crop rotations in both years at the NERC site, whereas it was affected by N 
fertilization only in 1997. Because of the high degree of spatial variability and 
sampling time, no such relationship was found for the samples from the CWRC 
site. The greatest activity values were obtained in multi-cropping systems in 
meadow or oats, and the lowest values in continuous corn or soybean systems. 
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The enzyme activity was significantly correlated with Cmic (r > 0.40, P<0.01) and 
Nmic (r > 0.56, P<0.001) in both years at the two sites. The amounts of N 
mineralized during 24 weeks of incubation at 30°C in soils of the plots receiving 
0 or 180 kg N ha1 were significantly correlated with arylamidase activity at the 
NERC site(r = 0.88, P<0.001 and 0.55, P<0.01, respectively), but not in soils 
from the CWRC site. 
Keywords: Crop rotations • Enzyme activities • N cycling • N mineralization • 
Microbial biomass C and N 
Amino acid arylamidase [EC 3.4.11.2] catalyzes the hydrolysis of an N terminal 
amino acid from arylamides, such as the neutral amino acid- • -naphthylamides 
or the neutral amino acid-p-nitroanalides. It is distinct from the enzyme leucine 
aminopeptidase [3.4.11.1], which hydrolyzes L-leucine amide or L-leucin glycine 
(Patterson et al. 1963). The reaction involved in hydrolysis of an N-terminal 
amino acid from arylamides is as follows: 
INTRODUCTION 
o 
UCH(CHj)2 HOOC. 
Arylamidase  ^ CHCH;CH(CH,)i 
L-Leucine (3-naphthylamide P-Naphthylamine Leucine 
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The chemical nature of organic N in soils is such that a large proportion 
(15-25%) of the organic N is released as NH4+ by acid hydrolysis (6 M HC1) 
(Bremner 1955; Sowden 1958). This fraction is believed to be present as amides 
associated with amino acid. It has been estimated that between 20% and 40% of 
soil organic N is amino N (Kowalenko 1978; Warman and Isnor 1991). Other 
work by Senwo and Tabatabai (1996) showed that at least 14 amino acids are 
associated with soil organic matter. The percentage distribution of amino acids 
recovered in hydrolyzates of 10 Iowa surface soils contained various proportions 
of acidic (asparagine plus aspartic acid, glutamine plus glutamic acid), basic 
(argenine, histidine, lysine), and neutral (phenylalanine, tyrosine, glycine, 
alanine, valine, leucine, isoleucine, serine, threonine, proline) amino acids. The 
possibility of the presence of arylamides in soils has been suggested by 
Stevenson (1994). 
Recently, Acosta-Martinez and Tabatabai (2000a) developed a method for 
the assay of the activity of this enzyme in soils. This method involves 
colorimetric determination of the p-naphthylamine produced when soil is 
incubated with buffered L-leucine-P-naphthylamids at 37°C for 1 h. They 
indicated that amino acid-p-nitroanalides is not suitable for assay of the activity 
of this enzyme in soils, because the p-nitroanaline produced is not quantitatively 
extractable from soils, and suggested involvement of this enzyme as an initial 
reaction-limiting step in N mineralization in soils according to the following 
reactions: 
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Ammonifîcation by Nitrification 
/ \ 
—• NO, —• NO] + energy Arvlamitlaa^ Amino acid amidohydrolases:e ^ -
activity (RNHJ 
L-Glutaminase activity 
L-Asparaginase activity 
L-Aspartase activity 
Concern about the environmental effects of intensive agriculture is 
shifting the focus away from conventional high-input agricultural systems to 
more ecologically sustainable systems. The management of these systems 
includes inputs of organic material and nutrient cycling strategies based on crop 
rotations. Crop rotation permits changes in the rhizosphere organisms and the 
incorporation of crop residues after harvest. Because each residue provides C, 
N, and other elements in different amounts and available forms, the amount and 
type of residue left in soils by different crops affect the microbial population and 
activity. Studies have shown that soils under crop rotations have significantly 
higher levels of Cmic and Nmic (Moore et al. 2000) and soil enzyme activities (Dick 
1984; Klose et al. 1999, Klose and Tabatabai 2000) than soils under 
monoculture. 
Studies on the effect of inorganic N fertilizer applications on soil biological 
properties have shown contradictory results. Some have reported increases in 
the size of microbial biomass (Omay et al. 1997), whereas, others have shown the 
opposite (McAndrew and Malhi 1992; Ladd et al. 1994). Nitrogen fertilization 
significantly increased soil organic C due to higher crop yields. However, it may 
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also lower soil pH, depending on the form of N fertilizer used (McAndrew and 
Malhi 1992). 
Many studies have assessed the impact of cropping systems on enzyme 
activity (Bandick and Dick 1999; Klose et al. 1999; Klose and Tabatabai 2000). 
To our knowledge, however, there is no information on the effect of long-term 
crop rotation on the activity of arylamidase. Such information is needed, 
because continued emphasis on sustainable agriculture and on soil and 
environmental quality has generated renewed interest in evaluating the effect of 
different soil management systems on N dynamics in soils. Because the 
activities of soil enzymes can be quickly affected by changes in ecosystem 
processes, temporal patterns of enzyme activity may be a sensitive indicator of 
ecosystem health and function. The potential use of information on the effect of 
different cropping systems on the activity of arylamidase in assessing soil health 
is obvious. Therefore, the objectives of this work were (i) to investigate the 
impacts of crop rotations and N fertilization on the activity of arylamidase in 
soils of long-term cropping systems, and (ii) to assess the effect of Cmic and Nmic 
on the activity of this enzyme in soils. 
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MATERIALS AND METHODS 
Soil sampling sites 
The soils used were collected from two long-term cropping systems at the 
Northeast Research Center (NERC) in Nashua, Iowa, and the Clarion-Webster 
Research Center (CWRC) in Kanawha, Iowa. Both sites were established to 
study the influence of crop rotation and N fertilization on crop yields. The sites 
and the experimental designs are reported by Moore et al. (2000). The cropping 
systems at the NERC sites contained three replications in continuous corn 
(CCCC), corn-soybean (CSbCSb), corn-corn-oat-meadow (CCOM), and continuous 
soybean (SbSbSbSb), and at the CWRC site contained two replicates in CCCC, 
CSbCSb, CCOM, and corn-oat-meadow-meadow (COMM). The N treatments 
chosen for each rotation at both sites were 0 and 180 kg N ha'1, applied as urea 
before corn only. All plots received an annual fertilization of 20 kg P and 56 kg 
K ha'1 and the primary tillage system was chisel plow in the fall. The samples 
from the NERC site were collected in May 1996 and in June 1997, and those 
from the CWRC site were collected in July 1996 and 1997 by pooling 6-8 cores (0-
15 cm) from each plot. When not in use, the samples were stored in double 
plastic bags at 4°C. 
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Soils and their analyses 
In the analyses reported, pH was determined on air-dried samples by 
using a combination glass electrode in 0.01 M CaClg solutions (soil: solution 
ratio = 1:2.5), organic C by the Mebius method (1960), and organic N was 
calculated from the difference between total N value obtained by a semimicro-
Kjeldahl method (Bremner 1996) and inorganic N value obtained by a steam-
distillation method (Mulvaney 1996). Microbial biomass C (Cmic) was 
determined by the chloroform-fumigation-extraction method described by Vance 
et al. (1987), and soil microbial biomass N (Nmic) was determined by the 
chloroform-fumigation-incubation method as described by Horwath and Paul 
(1994). The inorganic N (NH4+ + N03')-N in the extract was determined by 
steam distillation (Mulvaney 1996). The individual Cmic and Nmic values were 
previously reported by Moore et al. (2000). The amounts of N mineralized in the 
soils during 24 weeks of incubation at 30°C were assessed by the procedure 
described by Stanford and Smith (1972). The individual results were previously 
summarized by Deng and Tabatabai (2000). 
Assay of arylamidase activity 
Arylamidase activity was assayed by the method developed by Acosta-
Martinez and Tabatabai (2000a). It involves quantitative extraction and 
colorimetric determination of the P - nap hthy lamine produced when 1 g soil is 
incubated with 3 ml of 0.1 mM THAM [tris (hydroximethyl) aminomethane] 
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buffer (pH 8.0) and 1 ml of 8.0 mM L-leucine (3-napthylamide hydrochloride at 
37°C for 1 h. The extracted (3-naphthylamine is converted to an azo compound 
by reacting with p-dimethylaminocinnamaldehyde, and the absorbance is 
measured at 540 nm. Controls were included, but the substrate was added after 
incubation and termination of the enzyme reaction. All results reported are 
averages of duplicate assays on field-moist soils and are expressed on a 
moisture-free basis. Moisture was determined from weight loss after drying at 
105°C for 48 h. 
Statistical analysis 
Statistical analyses, including analysis of variance, contrast comparisons, 
and mean separation by least significant differences were performed by using 
the general linear model (GML) procedure of the SAS system (SAS Institute 
1996). For all data points reported in the figures, the differences between the 
laboratory duplicate were smaller than the point size. 
RESULTS AND DISCUSSION 
Relationship between arylamidase activity and soil properties 
Selected properties of the soils from the two sites are shown in Tables 1 
and 2. The effects of crop rotations and N fertilization on selected chemical and 
biochemical properties of the soils were presented by Moore et al. (2000) and will 
not be discussed here. Calculation of the specific activity of arylamidase, 
expressed as activity per kg of organic C, showed that the values differed among 
the cropping systems (Table 3). The values obtained for the NERC site for 
samples obtained in 1996 and 1997 ranged from 1.2 to 3.3, but were not 
significantly different within each sampling year. The means of the specific 
activity values for the 2 years, however, were significantly affected by cropping 
systems. The greatest specific activity was obtained for organic C in soils under 
multi-cropping systems. The specific activity values obtained for the CWRC site 
were significantly different within each year of sampling, which was reflected in 
the mean values of the two sampling years (Table 3). Regression analysis 
showed that arylamidase activity was significantly correlated with organic C in 
the soil samples from the NERC site in both years (r > 0.46, P<0.01), and with 
total N (r = 0.62, P<0.001) in 1996 only. This is not surprising, because it is well 
known that soil enzymes are immobilized by clay-organic matter complexes 
(McLaren 1975). No such relationship was found for the soils from the CWRC 
site. This lack of correlation could be due to sampling time, because there is 
temporal and spatial variability of enzyme activities under field conditions 
(Bonde et al. 2001). The samples were obtained at different months of the 
growing season, and perhaps this was the reason for lack of significant 
correlation between arylamidase activity and organic C and N for the samples 
obtained from the CWRC site. 
Effect of cropping systems 
The effect of cropping systems on arylamidase activity at the two sites is 
shown in Figs. 1 and 2 for the soils from the CWRC and NERC sites, 
respectively. Results indicated that, in general, greater activity was obtained in 
soils from the CWRC site in both years as compared with those of the soils from 
the NERC site. This could be attributed, in part, to the high organic C content 
in the soils at the CWRC site. Also, Cmic and Nmic values were greater in the 
soils from the CWRC site than those at the NERC site, which is related to the 
organic C of the soils from this site (Moore et al. 2000). Analysis of variance 
showed that arylamidase activity was significantly greater (F<0.05) in the soil 
sampled in 1997 than in those sampled in 1996 for both sites. 
Application of analysis of variance showed that arylamidase activity was 
significantly affected by cropping systems (P<0.001) at the NERC site in 1996 
and 1997. Least significant test showed that greatest activity values were in 
cropping systems involving meadow or oats, and the least in continuous corn and 
soybean systems. Moore et al. (2000) reported that cropping systems 
significantly affected Cmic and Nmic values of these soils. Studies of total and 
extracellular activities of urease and arylsulfatase in soils have shown that 
cropping systems significantly affect the various pools of those enzymes in soils 
(Klose et al. 1999; Klose and Tabatabai 2000). Other studies have also reported 
a significant effect of crop rotation on the activities of a range of enzymes in soils 
(Bandick and Dick 1999). The type and amount of crop residues added or left on 
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soils by different crops vary, and these, in turn, affect the rate of decomposition 
of those residues in soils. Crop residue has been shown to affect arylamidase 
activity and the activities of a number of other enzymes (Deng and Tabatabai 
1996a, b, 1997; Bandick and Dick 1999; Acosta-Martinez and Tabatabai 2001). 
Results of the present study suggest that cropping systems that include oats or 
meadow and leave residues on the soil surface enhance arylamidase activity 
probably due to the increased concentration of organic C compound available to 
the microbial population (Alvarez et al. 1998). 
Statistical analysis (contrast comparison) revealed that the greatest 
arylamidase activity was in plots of the 4-yr rotation at the NERC site, followed 
by 2-yr rotations, and the least in continuous soybean. This observation could be 
due to the greater amount and diversity of residues produced, which in turn 
affected the microbial populations and diversity responsible for production of 
this enzyme. Pancholy and Rice (1973) found that the type of organic matter 
influences the activities of invertase, cellulase, and amylase in soils more than 
the quantity of organic matter. Mullen et al. (1998) observed that cover crop 
significantly increased several enzyme activities (acid phosphatase, 
arylsulfatase, p-glucosidase, and L-asparaginase) relative to no cover in no-till 
corn. Continuous monocropping typically results in reduction of crop yield 
compared with the same crop in a rotation (Griffith et al. 1988). 
At the CWRC site, results for arylamidase activity followed a similar 
trend as that found at the NERC site, showing greater activity values in multi-
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cropping involving oat, while least activity in soils under continuous corn. 
Results of analysis of variance, however, showed that arylamidase activity was 
not affected by cropping systems. This can be attributed to the large spatial 
variability in soils from field replicates (Tables 1 and 2). 
Effect of N fertilization 
Although N fertilization significantly affected soil organic C and N, 
arylmidase activity was not affected. This is expected, because the response of 
microbial activity in a cropping system to added nutrient through fertilizers is 
largely dependent on nutrient supplying capacity of the soil and crop 
requirement, and is influenced by several ecoedaphic factors, including the 
cropping system itself and its management level. The effect of N fertilization on 
various microbial activities in soil is contradictory in the literature. Applications 
of N fertilizer have been shown to increase the Cmic (Lovell and Hatch 1998). The 
size of the microbial biomass in lowland grassland soil was found to be 
unaffected by changes in N input over 1-yr, but in longer terms a small increase 
in active biomass was developed in response to regular input of N (Lovell et al. 
1995). Moore et al. (2000) did not find a clear effect of N fertilization on Cmic and 
Nmic, and other chemical properties of these soils. Hatch et al. (2000) observed 
similar soil microbial biomass in N-fertilized and -unfertilized soils, but reported 
that biomass activity measured by specific respiration was greater in fertilized 
than unfertilized soils. They attributed this to an increase in the active 
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component of soil microbial biomass without a corresponding increase in total 
biomass. In buried crop residue management plots, Perucci et al. (1997) found 
no change in Cmic due to N fertilization. 
Because soil enzymes are sensitive to changes in pH, any management 
practice that led to increased acidity may limit the activity of enzymes. Contrast 
comparison indicated that N-fertilization significantly affected soil pH. The 
observed lower pH in the fertilized plots (180 N kg ha1) relative to the control (0 
kg ha1) plots was, most likely, due to the higher frequency of ammoniacal-N 
fertilizer, which after nitrification led to production of H+ and hence, the 
decrease in pH. The lower arylamidase activity observed in soils of lower pH 
supports the work of Acosta-Martinez and Tabatabai (2000b) who showed that 
arylamidase activity was significantly affected by pH of soils resulting from lime 
application. 
The role of Cmic and Nmic 
Management practices associated with intensification of agriculture Eire 
well known to affect the size and activity of the microbial biomass. Thus, 
microbial biomass responds to changes in cropping systems (Moore et al. 2000). 
Because microorganisms are known to be the primary source of enzyme in soils, 
enzyme activities are strongly associated with the microbial biomass (Tabatabai 
1994; Klose and Tabatabai 1999a, b). Figure 3 shows that arylamidase activity 
was significantly correlated with Nmic in both years in soils from the two sites. 
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Similar significant corrrelations have been reported between Nmic and other 
enzymes (Klose et al. 1999; Deng et al. 2000). This finding suggests that 
arylamidase activity plays an important role in the N dynamics in soil and 
therefore could be a good indicator of soil organic matter quality. 
Statistical analysis showed that arylamidase activity was significantly 
correlated with Cmic at both sites in both years (Fig. 4). This finding agrees with 
previous studies showing significant correlation between the activities of a 
number of enzymes and Cmic (Deng et al. 2000). Soil Cmic and Nmic are small in 
size, ranging from 1 to 3 % of the total C and up to 5 % of the total N, 
respectively, but they are the most labile fractions of soil organic matter (Smith 
and Paul 1990). These fractions exert a key controlling influence on the rate of 
C and N mineralization in agricultural soils (Jenkinson 1988). The results of the 
present study suggest that arylamidase is one of the key enzymes involved in C 
and N cycling of organic matter in soils. Figures 3 and 4 also illustrate that 
arylamidase activity was more strongly correlated with Nmic than Cmic, 
suggesting that this enzyme is more involved in N than C mineralization in soils 
because these processes are mediated by microbial activities. 
Relationship with N mineralization 
Because it has been suggested that arylamidase activity is one of the 
major enzymes involved in N mineralization, we studied the relationship 
between the activity of this enzyme and the amounts of net N mineralized in 24 
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weeks at 30°C. Regression analysis showed that this relationship was 
significant for the soil samples obtained from the control plots (r = 0.86, P< 
0.001) and N treated plots (r = 0.55, P< 0.01) at the NERC site in 1996, 
suggesting a significant role of the enzyme in N mineralization (Fig. 5). Other 
studies showed significant correlation between amidase, asparaginase, urease, 
dipeptidase, and protease activity values and N mineralization (Burket and Dick 
1998; Zaman et al. 1999; Deng et al. 2000). The significant, positive correlation 
between arylamidase activity values and N mineralization, together with the 
Cmic and Nmic values, indicate that mineralization of organic N is mediated by 
microbial biomass through the action of enzymes, including arylamidase. This 
finding is important, because previous studies suggested that arylamidase 
activity may be a rate limiting step in organic N mineralization in soils, possibly 
affected by the type of amino acid involved in hydrolysis by this enzyme 
(Tabatabai et al. 2001). Other recent work showed that the annual means of 
arginine ammonification assay were correlated with gross N mineralization 
values in four different agricultural fields in Denmark (Bonde et al. 2001). Our 
results indicate that assay of arylamidase activity in soils can be used as an 
index of net N mineralization in soils. 
Linear regression analysis showed that arylamidase activity and net N 
mineralization values were not significantly correlated in the soils from the 
CWRC site obtained in 1996. This is probably due to the large spatial variability 
in the soil samples obtained from this site. In addition, the differences observed 
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at the two sites could be partly due to the sampling time. The soils from the 
CWRC site were sampled in July, and those from the NERC site were in June. 
Numerous studies have reported that microbial and enzyme activities fluctuate 
with crop, season, time, temperature, and microclimate (Ladd et al. 1994; Klose 
and Tabatabai 2000; Bonde et al. 2001). 
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Table 1 Properties of soils at the Northeast Research Center (NERC) at 
Nashua, Iowa (from Moore et al. 2000) 
Crop N 
rotation" treatment pHb C b orif Noreb C b mic N • b mic 
kg ha'1 .. l .-1 mg kg -1 5 kg 
C-c-c-c 0 6.2 (5.9) 25.3 (21.2) 1.64 (1.67) 190 (212) 43 (21) 
180 6.1 (6.0) 22.6 (22.6) 1.49 (2.07) 206 (177) 40 (26) 
C-sb-c-sb 0 6.6 (6.5) 17.3 (18.7) 1.21 (1.73) 189 (189) 52 (29) 
180 6.2 (6.3) 17.7 (19.5) 1.32 (1.87) 183 (182) 41 (26) 
c-Sb-c-sb 0 6.6 (6.5) 19.8 (21.4) 1.37 (1.63) 205 (232) 45 (33) 
180 6.5 (6.3) 19.2 (21.9) 1.40 (1.67) 169 (195) 46 (29) 
C-c-o-m 0 -c (6.5) - (22.7) - (1.93) — (193) - (29) 
180 - (6.5) - (20.3) - (1.90) — (243) - (18) 
c-C-o-m 0 6.5 (7.1) 21.4(21.6) 1.57 (1.70) 232 (241) 51 (36) 
180 6.0 (6.8) 23.3 (22.4) 1.68 (1.67) 221 (283) 51 (29) 
c-c-O-m 0 6.6 (6.8) 22.0 (22.7) 1.40 (1.67) 243 (268) 54 (51) 
180 6.3 (6.7) 21.4 (23.5) 1.46 (1.90) 267 (207) 61 (48) 
c-c-o-M 0 6.5 — 25.5 - 1.79 - 262 — 74 -
180 6.1 — 23.2 - 1.63 - 260 — 73 -
Sb-sb-sb-sb 0 6.5 (7.0) 17.4 (18.6) 1.25 (1.77) 138 (164) 37 (29) 
LSDd P<0.05 0.3 (0.5) 1.9 (2.2) 0.11 (0.17) 63 (31) 10 (13) 
LSDe P0.05 0.2 (0.5) 1.2 (2.5) 0.10 (0.20) 58 (62) 5(10) 
" C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letters indicate 
crop in which samples were taken in 1996. In 1997, samples were taken in 
crop following the capital bold letter. 
b Means of three field replicates from 1996. Means in parentheses are 
data for 1997. 
0 Indicates that sample was not available in the specific crop in the rotation. 
d Least significant difference due to crop rotation at 0 N. 
e Least significant difference due to crop rotation at 180 N. 
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Table 2 Properties of soils at the Clarion-Webster Research Center 
(CWRC) at Kanawha, Iowa (from Moore et al. 2000) 
Crop N 
rotation" treatment pHb C b ^ore N b C - b ^mic N b mic 
kg ha"1 ii lrir"1 1 g kg UAg Kg 
C-c-c-c 0 6.2 (6.2) 28.2 (29.8) 1.79 (2.00) 296 (193) 54 (28) 
180 5.3 (5.4) 35.2 (35.6) 2.32 (2.20) 357 (158) 60 (23) 
C-sb-c-sb 0 6.5 (6.7) 31.2 (32.9) 2.08 (2.20) 382 (309) 65 (28) 
180 6.2 (6.2) 29.6 (32.1) 1.96 (2.20) 328 (319) 73 (29) 
c-Sb-c-sb 0 6.2 (6.1) 30.6 (34.5) 2.03 (2.25) 309 (163) 56 (32) 
180 5.9 (5.8) 31.8 (33.6) 2.15 (2.15) 322 (273) 55 (31) 
C-c-o-m 0 5.6 (5.7) 29.5 (31.2) 2.05 (1.60) 342 (318) 60 (29) 
180 5.3 (5.3) 34.9 (31.2) 2.42 (1.80) 372 (314) 57 (27) 
c-C-o-m 0 5.8 (5.4) 32.1 (33.9) 2.15(1.95) 365 (341) 65 (33) 
180 5.4 (5.4) 35.1 (37.7) 2.40 (1.95) 349 (426) 47 (28) 
c-c-O-m 0 5.3 (5.2) 33.1 (35.7) 2.18 (2.35) 382 (364) 55 (26) 
180 5.2 (5.1) 34.2 (36.4) 2.36 (2.30) 362 (344) 53 (26) 
c-c-o-M 0 5.4 (5.2) 38.4 (40.9) 2.50 (2.40) 474 (346) 80 (28) 
180 5.2 (4.9) 37.1 (39.5) 2.45 (2.00) 395 (270) 67 (21) 
C-o-m-m 0 5.2 (5.6) 35.4(36.1) 2.43 (2.25) 398 (355) 62 (28) 
180 4.9 (4.9) 34.8 (34.5) 2.37 (2.30) 316 (229) 32 (21) 
c-O-m-m 0 5.3 (5.3) 34.5 (35.3) 2.34 (2.50) 419 (314) 63 (33) 
180 5.8 (5.6) 37.0 (44.3) 2.52 (2.85) 459 (366) 71 (47) 
c-o-M-m 0 5.6 (5.5) 30.2 (30.5) 2.12 (2.20) 432 (321) 72 (35) 
180 5.5 (5.1) 32.6 (34.9) 2.24 (2.35) 422 (342) 65 (33) 
c-o-m-M 0 5.3 (5.1) 37.7 (39.2) 2.54 (2.50) 508 (353) 85 (25) 
180 5.2 (4.9) 37.8 (39.1) 2.67 (2.55) 476 (292) 79 (20) 
LSDd P<0.05 1.1 (1.2) 4.9 (6.0) 0.33 (0.47) 133 (70) 23 (16) 
LSD6 P <0.05 1.4 (1.5) 5.5 (4.9) 0.28 (1.28) 116 (209) 42 (27) 
" C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letters indicate 
crop in which samples were taken in 1996. In 1997, samples were taken in 
crop following the capital bold letter. 
b Means of two field replicates from 1996. Means in parentheses are 
data for 1997. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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Table 3 Effect of cropping systems on specific activity of arylamidase in 
soils at the NERC and CWRC sites in 1996 and 1997 
Specific activity of arylamidase 
Crop N NERC site CWRC site 
rotationa treatment 1996 1997 Mean 1996 1997 Mean 
kg ha"1 g (3-naphthylamine / kg organic C 
C-c-c-c 0 1.2 1.6 1.7 1.7 
180 1.4 1.9 1.5 1.1 1.2 1.4 
C-sb-c-sb 0 1.9 1.8 2.4 2.0 
180 2.1 1.7 1.9 2.0 1.9 2.1 
c-Sb-c-sb 0 1.6 2.1 1.5 1.7 
180 1.5 2.3 1.9 1.8 2.5 1.9 
C-c-o-m 0 - 2.2 2.0 1.9 
180 - 3.0 2.6 1.6 1.7 1.8 
c-C-o-m 0 1.8 2.9 2.2 1.9 
180 1.8 2.7 2.3 1.5 1.7 1.8 
c-c-O-m 0 2.0 2.9 1.5 1.5 
180 2.2 3.3 2.6 1.3 1.4 1.4 
c-c-o-M 0 2.2 - 1.5 1.4 
180 2.1 - 2.2 1.2 1.1 1.3 
C-o-m-m 0 
180 
1.4 
0.8 
1.7 
1.4 1.3 
c-O-m-m 0 
180 -
1.5 
0.9 
1.8 
1.3 1.4 
c-o-M-m 0 
180 -
1.9 
2.0 
2.8 
2.1 2.2 
c-o-m-M 0 
180 -
1.3 
1.3 
1.3 
1.2 1.3 
Sb-sb-sb-sb 0 1.5 1.9 1.7 - - -
LSDC f <0.05 1.2 1.5 0.4 0.3 
LSDdP<0.05 1.2 1.3 0.7 0.7 
LSD" P<0.05 0.4 0.4 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letters indicate 
crop in which samples were taken in 1996. In 1997, samples were taken 
in crop following the capital bold letter. 
b Means of three (NERC) and two (CWRC) field replicates. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
e Least significant difference due to crop rotation. 
m ro 
Cropping system Cropping system 
Fig. 1. Effect of cropping systems on arylamidase activity in the soils at the NERC site. Capital letters in the 
initials of the rotation indicates the crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital letter. All results are averages of three field replicates. Within each N treatment, 
bars with the same letter are not significantly different at F<0.05 level using LSD test (0 N treatment, lower case 
letter; 180 N treatment, upper case letter). 
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CWRC site 
0 kg N ha 
180 kg N ha"1 
A 
Cropping system 
Fig. 2 Effect of cropping systems on arylamidase activity in the soils at the 
CWRC site. Capital letters in the initial of the rotation indicates the crop in 
which samples were taken in 1996. In 1997, samples were taken in the crop 
following the capital letter. All results are averages of two field replicates. 
Within each N treatment,bars with the same letter are not significantly 
different at F<0.05 using LSD (0 N treatment, lower-case letters; 180 N 
treatment, upper-case letters). 
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CHAPTER 4 
GLYCOSIDASES IN SOILS AS AFFECTED BY CROPPING SYSTEMS 
A paper submitted to Agriculture, Ecosystems and Environments 
Daniel E. Dodor and M.A. Tabatabai 
Abstract 
This study was conducted to assess the impact of crop rotation and N 
fertilization on the activities of a- and p-glucosidases and a- and P-galactosidases 
in plots of two long-term field experiments at the Clarion-Webster Research 
Center (CWRC) and Northeast Research Center (NERC) in Iowa. Surface soil 
(0-15 cm) samples were taken in 1996 and 1997 in corn, soybean, oats, or 
meadow plots that received 0 or 180 kg N ha1, applied as urea before corn and 
annual application of 20 kg P ha1 and 56 kg K ha1. Results showed that the 
activities of the four glycosidases were significantly affected by crop rotations in 
both years at the two sites. Nitrogen application, however, did not affect the 
activities of the enzymes. In general, higher activities were observed in plots 
under meadow or oat, and the lowest in continuous corn (CWRC) and soybean 
(NERC). Four-year rotation showed the highest activity, followed by 2-year and 
monocropping systems. Linear regression analyses indicated that, in general, 
the activities of the glycosidases were significantly correlated with microbial 
biomass C (r > 0.302*) and N (r > 0.321*), and with the organic C (r > 0.332*) 
and N (r > 0.399**) contents of the soils. Results of this work suggest that 
multicropping stimulated the activities of the glycosidases. The specific activities 
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of the glycosidases in soils of the two sites expressed as g p-nitrophenol released 
per kg of organic C, differed among the four enzymes and was affected by the 
cropping systems studied. The lowest values were obtained for (3-galactosidase 
and a-glucosidase, followed by a-galactosidase and p-glucosidase. 
Keywords: Crop rotations Cropping systems a- and p-glucosidases a- and p-
galactosidases Microbial biomass C and N 
INTRODUCTION 
The general term glycosidases or glycoside hydrolases has been used to 
describe a group of enzymes that catalyze the hydrolysis of different glycosides. 
These enzymes play a major role in degradation of carbohydrates in soils, and 
their hydrolysis products are important energy sources for soil microorganisms. 
The general equation of the reaction is as follows: 
Glycosides + HgO > Sugar + Aglycons. 
Glycosidases usually have been named according to the type of bond that they 
hydrolyze. Among the glycosidases, a-glucosidase (EC 3.2.1.20), which catalyzes 
the hydrolysis of a-D-glucopyranoside and P-glucosidase (EC 3.2.1.21), which 
catalyzes the hydrolysis of p-D-glucopyanosides, are involved in hydrolysis of 
maltose and cellobiose, respectively. Other important glycosidases are a-
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galactosidase (EC 3.2.1.23) and P-galactosidase (EC 3.2.1.23). These enzymes 
catalyze the hydrolysis of melibiose and lactose, respectively. 
The microbial degradation of cellulosic biomass requires the action of at 
least three groups of enzymes, including P-glucosidase, to act synergistically in 
hydrolyzing the p i, 4 bonds of cellulose to glucose. In fungi and bacteria, the 
enzyme is involved in cellulose and cellobiose catabolism as part of the cellulose 
complex. Glycosidases are widely distributed in nature, and have been detected 
in microorganisms, animals, and plants (Bahl and Agrawal, 1972; Dey and 
Pridham, 1972, Wallenfels and Weil, 1972). Although glycosidases play a 
significant role in breaking down low molecular-weight carbohydrates, producing 
sugar in soils, little information is available about the effect of cropping systems 
on the activities of these enzymes in soils. 
The level of organic matter (OM) in soils is a function of the net input of 
organic residue by cropping systems, and management practices such as crop 
rotation and fertilization exert a considerable influence on the level of OM 
retained over time. Soil OM is a critical component of soil productivity, and the 
health and quality of a soil are also related to the dynamic nature of soil OM as 
influenced by management practices. Recent concern regarding the productivity 
and sustainability of agro-ecosystems is leading to formulation of approaches to 
manage agricultural systems to improve soil health and quality, and minimize 
possible deleterious effects on the environment. 
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The activity of soil microorganisms is strongly linked to the activities of 
enzymes and soil management practices, including crop rotation and fertilization 
strongly influence the activities of soil enzymes (Deng and Tabatabai, 1996a, b; 
Klose et al., 1999; Klose and Tabatabai, 2000). Inorganic N fertilization can 
have significant effect on soil microorganisms and enzymes through its impact 
on soil pH, depending on the amount and type of fertilizer (Tabatabai et al., 
1992). Studies have documented an increase in microbial biomass and activity 
(Goshal and Singh, 1995; Mahmood et al., 1997), a decrease in these parameters 
(Smolander et al., 1994; Burket and Dick, 1998), as well as no clear effect (Moore 
et al., 2000) with increasing N fertilizer application. 
To evaluate and improve different cropping systems and N fertilization 
practices, their effect on soil health and quality must be investigated. To 
accomplish this end, it is important to develop rapid, efficient, and sensitive 
indicators to assess the long-term effects of land management on ecosystem 
health. One such tool is quantification of soil enzymatic activity that mediates 
biological transformations of native and exogenous organic components in soils. 
Enzymes catalyze all biochemical reactions and are an integral part of nutrient 
cycling in the soil. Soil enzymes are believed to be primarily of microbial origin, 
but also originate from plants and animals (Tabatabai, 1994). Soil enzyme 
activities vary with management and, therefore, could be indicators of variation 
in soil quality and ecosystem health. In several studies, a variety of enzyme 
activities have been shown to relate to soil biological potential (Dick, 1984; Deng 
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et al., 2000). Soil enzymatic activity has also been shown to reflect cropping and 
soil management practices (Dick, 1994). 
Studies show that agricultural management practices affect the activity of 
glycosidases (Deng and Tabatabai, 1996b; Bandick and Dick, 1999). However, 
they have not been systematically investigated for their potential to reflect long-
term soil management effects in relation to soil health. Because different 
cropping systems vary in the extent they alter the soil environment, the 
activities of the enzymes that are directly involved in cycling of soil OM could be 
a more sensitive indicator of changes than measurement of organic C or N. 
Therefore, the objectives of the present work were: (i) to investigate the effect of 
long-term cropping systems and N fertilization on the activities of a-glucosidase, 
P-glucosidase, a-galactosidase, and p-galactosidase in soils; and (ii) to study 
relationships between the activities of those enzymes and soil biological and 
chemical properties. 
MATERIALS AND METHODS 
Soils and their analyses 
The soils used were collected from two long-term cropping systems at the 
Northeast Research Center (NERC) in Nashua, Iowa, and the Clarion-Webster 
Research Center (CWRC) in Kanawha, Iowa. Detailed descriptions of the sites 
are reported by Moore et al. (2000). The cropping systems at the NERC site 
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were continuous soybean (SbSbSbSb), continuous corn (CCCC), corn-soybean 
(CSbCSb), and corn-corn-oat-meadow (CCOM). The cropping systems at the 
CWRC site were CCCC, CSbCSb, CCOM, and corn-oat-meadow-meadow 
(COMM). Each rotation at both sites received 0 and 180 kg N ha1 as urea before 
corn only, and annual application of 20 kg P and 56 kg K ha1. The primary 
tillage system was chisel plowing in the fall. 
The physical and chemical properties of the soils are reported by Moore et 
al. (2000) and summarized by Dodor and Tabatabai (2002). Microbial biomass C 
(Cmic) and N (Nmic) were determined by the chloroform-fumigation-extraction and 
fumigation-incubation-extraction methods, respectively (Vance et al., 1987). The 
activities of the glycosidases were assayed as described by Tabatabai (1994). 
The enzyme assays were done on < 2-mm field-moist samples at the optimal pH 
values in duplicates and one control, and are expressed on a moisture-free basis. 
Moisture was determined after drying at 105°C for 48 h. When not in use, the 
samples were stored at 4°C. 
Statistical analyses 
Statistical analyses, including analysis of variance, contrast comparisons, 
and least significant difference tests, were performed by using the general linear 
model (GML) procedure in the SAS system (SAS Institute, 1996). For all data 
points reported in the figures, the difference between the laboratory duplicate 
was smaller than the point size. 
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RESULTS AND DISCUSSION 
Effect of cropping systems 
The activities of the glycosidases are shown in Tables 1 and 2 for the soils 
from the CWRC and NERC sites, respectively. In general, greater activity 
values were found in soils from the CWRC plots compared with those for soil 
samples from the NERC site. The greater activity values at the CWRC site may 
be due to the higher organic C content of the soils (Moore et al., 2000; Dodor and 
Tabatabai, 2002). These results agree with the observation by Dodor and 
Tabatabai (2002), who found that arylamidase activity was greater in the CWRC 
plots than in the NERC plots. Moore et al. (2000) also found that Cmic and NmiC 
values were greater in soils of the CWRC plots than in those of the NERC plots, 
and attributed this to the higher organic C in the soils. Among the glycosidases, 
P glucosidase showed the greatest activity values in both sites in both years 
(Tables 1 and 2). This supports the previous report showing that (3-glucosidase 
is the most predominant among the four glycosidases in soils (Eivazi and 
Tabatabai, 1988). 
Analysis of variance showed that the activities of the glycosidases were 
significantly affected by crop rotations in both years at the two sites (Table 3). 
At the CWRC site, greater glycosidase activity was found in plots under meadow 
or in rotations involving oat, and the least activity in plots under continuous 
corn. A similar trend in activity values was found for the soils from the NERC 
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site, but there, the least activity was under continuous soybean. The type of crop 
residues added or left on soil by different crops varies in the rate of 
decomposition and also in the way they affect the decomposition of native 
organic matter in soil. It has been reported that crop residue affects enzyme 
activity (Deng and Tabatabai, 1996a, b, 1997), and cover crops increase the 
activity of glucosidases and galactosidases (Bandick and Dick, 1999). Results of 
the present study suggest that cropping systems that leave residue on soil 
surface will enhance enzyme activity, probably due to the increased 
concentration of organic C compound (Alvarez et al., 1998). 
In general, greater enzyme activity was found in plots of the 4-year 
rotation at the CWRC site, followed by 2-year rotations, and the least in 
continuous corn. A similar trend was observed in soils from the NERC site. 
This observation was supported by contrast comparison, which showed that the 
4-year rotation was significantly different from other cropping systems (Table 3). 
The positive effect of the 4-year rotation on enzyme activity compared with the 
continuous corn and soybean system and the 2-year rotation may be due to the 
greater amount and diversity of residue produced, rhizosphere, plant cover, and 
higher root density under diverse crop rotation. Pancholy and Rice (1973) found 
that the type of organic matter influences the activity of invertase, cellulase, and 
amylase more than the quantity of organic matter. Mullen et al. (1998) observed 
that cover crop significantly increased several enzyme activities relative to no 
cover in no-till corn. Continuous monocropping systems typically result in 
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reduction of crop yield compared with the same crop in a rotation (Dick and Van 
Doren, 1985). The reduction in yield has been attributed to alleopathic toxins 
derived from decomposing plant residues; however, this has not been clearly 
established (Breakwell and Turco, 1990). 
Effect of N fertilization 
Because of microbial metabolism, microbial activity, and thus the 
turnover rate of soil organic C, is influenced by the chemical nature and the 
available N level in soil. The application of fertilizers is known to directly affect 
the composition of the soil microbial community structure under plant 
monoculture (Katayama et al., 1998). Evidence also suggests that the microbial 
community in soil is indirectly affected by the change in the plant community 
composition, which results from application of fertilizers (Bardgett and Shine, 
1999). Analysis of variance of the effect of N fertilization on activities of the 
glycosidases in soil showed that, in general, the activities of glycosidases were 
not affected by N fertilization (except a-galactosidase and P-glucosidase in 1996 
at the CWRC site, and a-galactosidase at the NERC site, Table 3). This is not 
unexpected, because the response of microbial activity in a cropping system to 
added nutrients through fertilizers is largely dependent on the nutrient-
supplying capacity of the soil and crop requirement, and is influenced by several 
ecoedaphic factors including the cropping system itself and its management 
level. This finding support that reported by Moore et al. (2000) showing no effect 
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of N fertilization on Cmic and Nmic. It should be noted that the effect of N 
fertilization on various microbial activities in soil is not only contradictory in the 
literature, but also very difficult to assess. Some authors (Lovell et al., 1995; 
Pankhursk et al., 1995) have found a decline in basal respiration due to N 
fertilization, or no effect (Biederbeck et al., 1996). In buried crop residue 
management plots, Perucci et al. (1997) found no changes in microbial biomass C 
due to N fertilization. 
Glycosidase activities in relation to Cmic and Nmic 
The determination of Cmic content in soil is generally used as an indicator 
of the response of microbial biomass to changes in soil management that affect 
the turnover of organic matter (Nannipieri et al., 1990), and soil quality (Rice et 
al., 1996; Moore et al., 2000). The soil microbial community mediates changes in 
soil organic matter introduced by management practices. With few exceptions, 
Cmic was significantly correlated with glycosidase activities at the CWRC site 
(Fig. 1). At the NERC site, the activity of all the enzymes, except P-
galactosidase, was significantly correlated with Cmic (Fig. 2). Similarly, Curci et 
al. (1997) reported significant relationship between Cmic and a range of enzymes 
including a-glucosidase and p-galactosidase. Because the C pool in microbial 
biomass is a major component of the terrestrial C pool, the positive relationship 
between Cmic and glycosidase activity suggests that the decomposition of C 
contained in microbial biomass is being mediated by the glycosidases. The 
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positive correlation supports the finding of Klose and Tabatabai (1999a, b) 
showing that total and extracellular activities of arylsulfatase and urease are 
mainly associated with microbial biomass in soils. It is also possible that 
variation in microbial community structure and activity induced by 
decomposition of crop residue may modulate microbial biomass and the 
extracellular enzymes that are released into soil by microbial biomass (Ritz et 
al., 1997). 
The relationships between Nmic and glycosidase activities in soils from the 
CWRC and NERC sites are shown in Figs. 3 and 4, respectively. The results 
followed similar trends as those of the Cmic values, with most being significantly 
correlated with enzyme activity. This shows that the two parameters (Cmic and 
Nmic) are responding similarly to changes induced by the cropping system. It is, 
however, interesting to note that Cmic was more strongly correlated with 
glycosidase activities than was Nmic. 
Relationship between glycosidase activities and soil properties 
Linear regression analysis showed that, with the exception of p-
galactosidase activity in soils of the NERC site sampled in 1996 and a-
glucosidase activity in soil samples from the CWRC site sampled in 1997 and 
1997, organic C was significantly correlated with glycosidase activities at both 
sites and in both years, with r values ranging from 0.332* to 0.758***. This 
finding supports previous studies in which glycosidase activity was found to be 
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positively and significantly correlated with organic C (Eivazi and Tabatabai, 
1990; Deng and Tabatabai, 1996b). In a study involving residue utilization 
plots, Bandick and Dick (1999) also found positive correlation between organic C 
and glycosidase activity. Similarly, in soils under different tillage, rotation, and 
mulching treatments, both Dick (1984) and Deng and Tabatabai (1997) observed 
that the activity of a range of soil enzymes was significantly correlated with soil 
organic C. 
Calculation of the specific activity of the glycosidases in soils of the two 
sites, expressed as g p-nitrophenol released per kg of organic C, showed that the 
values differed among the four enzymes studied. The lowest values were 
obtained for P-galactosidase and a-glucosidase, followed by a-galactosidase and 
P-glucosidase (Tables 4 and 5). Analysis of variance showed that, with the 
exception of p-glucosidase activity for the samples taken from the CWRC site in 
1997, cropping systems significantly affected the specific activity values of the 
glycosidases studied in both sites and sampling years. 
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Table 1 Effect of cropping systems on activity of glycosidases in the soils 
at the CWRC site. 
Enzyme activity" 
Crop N a gal (3 gal ot-glu (3-glu 
rotation1* treatment 1996 1997 1996 1997 1996 1997 1996 1997 
kg ha"1 - mg p -nitrophenol kg 1 h"1 -
C-c-c-c 0 15.6 9.5 27.8 21.3 24.0 12.7 89.0 137.0 
180 25.8 21.0 33.9 30.1 29.0 8.6 149.0 123.1 
C-sb-c-sb 0 15.2 14.6 28.4 22.8 23.1 10.3 127.9 172.4 
180 22.3 21.0 32.6 26.1 24.6 12.5 152.8 149.3 
c-Sb-c-sb 0 14.7 19.0 25.6 34.8 10.8 11.4 99.6 133.5 
180 20.7 13.3 26.1 35.2 13.1 11.9 117.7 114.4 
C-c-o-m 0 22.5 16.2 34.9 27.8 12.0 11.5 145.8 129.1 
180 49.4 24.7 35.7 33.0 12.2 10.0 171.6 137.0 
c-C-o-m 0 16.6 22.1 30.0 31.1 14.5 13.9 115.6 134.3 
180 21.3 21.4 33.6 34.0 13.6 12.0 121.7 174.5 
c-c-O-m 0 18.3 16.8 37.1 37.1 12.0 11.8 142.5 164.5 
180 24.6 26.6 37.6 42.7 9.6 13.6 148.8 187.9 
c-c-o-M 0 54.4 26.7 64.4 37.6 12.0 12.8 153.9 208.7 
180 25.4 19.5 46.8 30.7 12.4 13.3 158.1 179.3 
Co mm 0 24.8 20.8 30.4 32.1 9.3 13.3 139.5 178.6 
180 24.0 24.8 19.0 31.7 8.8 11.3 156.4 198.5 
c-O-m-m 0 31.7 29.6 40.5 41.1 12.4 14.0 173.6 271.6 
180 38.7 31.3 42.3 56.5 15.6 18.5 214.8 195.3 
c-o-M-m 0 24.0 27.7 30.7 45.4 9.9 14.6 166.1 166.6 
180 27.5 31.9 33.0 42.8 12.6 13.8 201.3 180.9 
c-o-m-M 0 52.5 23.9 53.7 34.3 13.4 12.5 178.4 234.4 
180 26.6 26.0 52.8 34.1 14.3 11.2 244.9 197.3 
LSDC P<0.05 19.1 11.2 15.0 13.6 4.6 7.5 64.3 66.7 
LSDdP<0.05 17.9 8.4 13.2 8.8 3.7 6.6 63.4 42.0 
a Average of two field replicates. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
0 Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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Table 2 Effect of cropping systems on activity of glycosidases in the soils 
at the NERC site. 
Enzyme activity" 
Crop N a-gal (3 gal a-glu (3-glu 
rotation*1 treatment 1996 1997 1996 1997 1996 1997 1996 1997 
kg ha'1 mg p -nitrophenol kg 1 h'1 — 
C-c-c-c 0 19.3 17.7 20.4 24.4 7.7 7.9 103 137 
180 20.4 16.8 36.9 27.0 7.7 8.5 111 172 
C-sb-c-sb 0 12.7 14.3 37.6 18.1 6.2 9.8 90.8 177 
180 13.3 19.6 38.4 22.9 7.0 9.2 93.8 158 
c-Sb-c-sb 0 15.7 15.0 21.2 30.3 8.0 8.6 111 164 
180 14.1 17.7 16.0 22.7 6.7 8.3 95.5 199 
C e o  m  0 - 25.0 - 34.1 - 11.5 - 190 
180 - 30.3 - 28.1 - 13.3 - 277 
c-C-o-m 0 17.7 25.0 21.9 27.8 9.7 10.0 126 153 
180 26.4 29.2 27.6 33.1 8.8 14.7 189 218 
c-c-O-m 0 17.3 21.9 22.8 33.9 9.4 12.6 96.7 204 
180 23.1 31.2 24.2 37.2 10.9 14.7 131 217 
c-c-o-M 0 24.6 - 34.5 - 9.7 - 169 -
180 22.6 - 33.6 - 10.5 - 178 -
Sb-sb-sb-sb 0 6.1 17.5 15.5 20.1 4.8 7.4 86.8 117 
LSD'P <0.05 6.2 8.4 6.2 7.2 2.1 3.5 28.0 29.0 
LSDdP<0.05 9.5 10.2 16.5 6.3 1.1 3.2 48.0 69.0 
" Average of three field replicates. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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Table 3 Analysis of variance of effect of cropping systems on activity of 
glycosidases in the soils at the CWRC and NERC sites. 
Enzyme activity 
Source of variance" a-gal p-gal a-glu p-glu 
1996 1997 1996 1997 1996 1997 1996 1997 
CWRC siteb 
Crop rotation *** ** *** *** *** ns *** *** 
N treatment ns * ns * ns ns *** ns 
Contrasts 
CSb vs 4-year rotation ** ** *** ** *** ns ** ** 
CC vs others ns * ns ** *** ns ns * 
CC vs CSb ns ns ns ns *** ns ns ns 
CSb vs other com ns ns ns ns *** ns ns ns 
CCOM vs CCMM ns ** ns * ns ns *** *** 
NERC site 
Crop rotation *** * ** *** *** *** *** *** 
N treatment ns ns ns ns * ns ns ns 
Contrasts 
CSb vs 4-year rotation *** *** ns *** *** *** *** ** 
CC vs others ns ** ns ns ** ** * ** 
CC vs CSb ** ns ns ns ns ns ns ns 
CC vs other corn ns ** ns ns ns ** ns ** 
° For abbreviations, see footnotes of Tables 1 and 2. 
b NERC, Northeast Research Center; CWRC, Clarion-Webster Research 
Center. *, **, and *** indicate significance at P< 0.05, 0.01, and 0.001, 
respectively, ns = not significant. 
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Table 4 Effect of cropping systems on specific activity of glycosidases in 
the soils at the CWRC site. 
Specific activity" 
Crop N q gal P-gal a glu g glu 
rotation*1 treatment 1996 1997 1996 1997 1996 1997 1996 1997 
kg ha"1 g p -nitrophenol kg 1 organic C 
C-c-c-c 0 1.0 0.7 0.5 0.4 0.5 0.4 3.2 4.6 
180 1.0 0.8 0.2 0.2 0.2 0.2 4.2 3.5 
C-sb-c-sb 0 0.9 0.7 0.3 0.3 0.3 0.3 4.1 5.2 
180 1.1 0.8 0.4 0.4 0.4 0.4 5.2 4.7 
c-Sb-c-sb 0 0.8 1.0 0.4 0.3 0.4 0.3 3.3 3.9 
180 0.8 1.0 0.4 0.4 0.4 0.4 3.7 3.4 
C-c-o-m 0 1.2 0.9 0.4 0.4 0.4 0.4 4.9 4.1 
180 1.0 1.1 0.3 0.3 0.3 0.3 4.9 4.4 
c-C-o-m 0 0.9 0.9 0.4 0.4 0.4 0.4 3.6 4.0 
180 1.0 0.9 0.3 0.3 0.3 0.3 3.5 4.6 
c-c-O-m 0 1.1 1.0 0.4 0.3 0.4 0.3 4.3 4.6 
180 1.1 1.2 0.4 0.4 0.4 0.4 4.4 5.2 
c-c-o-M 0 1.7 0.9 0.3 0.3 0.3 0.3 4.0 5.1 
180 1.3 0.8 0.4 0.3 0.4 0.3 4.3 4.5 
C-o-m-m 0 0.9 0.9 0.4 0.4 0.4 0.4 3.9 4.9 
180 0.5 0.9 0.3 0.3 0.3 0.3 4.5 5.8 
c-O-m-m 0 1.2 1.2 0.4 0.4 0.4 0.4 5.0 7.7 
180 1.1 1.3 0.5 0.4 0.5 0.4 5.8 4.4 
c-o-M-m 0 1.0 1.5 0.5 0.5 0.5 0.5 5.5 5.5 
180 1.0 1.2 0.4 0.4 0.4 0.4 6.2 5.2 
c-o-m-M 0 1.4 0.9 0.3 0.3 0.3 0.3 4.7 6.0 
180 1.4 0.9 0.3 0.3 0.3 0.3 6.5 5.0 
LSDC P<0.05 0.5 0.3 0.4 0.3 0.2 0.2 1.6 1.7 
LSDd P<0.05 0.5 0.3 0.5 0.3 0.2 0.2 1.8 1.3 
" Average of two field replicates. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in the crop following the capital bold letter. 
0 Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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Table 5 Effect of cropping systems on specific activity of glycosidases in 
the soil at the NERC site. 
Specific activity" 
Crop N a-gal P-gal a glu P-glu 
rotation6 treatment 1996 1997 1996 1997 1996 1997 1996 1997 
kg ha"1 g p -nitrophenol kg 1 organic C 
C-c-c-c 0 0.8 0.8 0.8 1.2 0.3 0.4 4.1 6.5 
180 0.9 0.7 1.6 1.2 0.3 0.4 4.9 7.6 
C-sb-c-sb 0 0.7 0.8 2.2 1.0 0.4 0.5 5.2 9.5 
180 0.8 1.0 2.2 1.2 0.4 0.5 5.3 8.1 
c-Sb-c-sb 0 0.8 0.7 1.1 1.4 0.4 0.4 5.6 7.6 
180 0.7 0.8 0.8 1.0 0.3 0.4 5.0 9.1 
C e o  m  0 - 1.1 - 1.5 - 0.5 - 8.4 
180 - 1.5 - 1.4 - 0.7 - 13.7 
c-C-o-m 0 0.8 1.2 1.0 1.3 0.5 0.5 5.9 7.1 
180 1.1 1.3 1.2 1.5 0.4 0.7 8.1 9.7 
c-c-O-m 0 0.8 1.0 1.0 1.5 0.4 0.6 4.4 9.0 
180 1.1 1.3 1.1 1.6 0.5 0.6 6.1 9.2 
c-c-o-M 0 1.0 - 1.4 - 0.4 - 6.6 -
180 1.0 - 1.4 - 0.5 - 7.7 -
Sb-sb-sb-sb 0 0.4 0.9 0.9 1.1 0.3 0.4 5.0 6.3 
LSDC P<0.05 0.3 0.4 0.3 0.3 0.1 0.2 1.2 1.5 
LSDd P<0.05 0.4 0.5 0.7 0.2 0.1 0.2 2.3 3.3 
" Average of three field replicates. 
b C = corn, S = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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CHAPTERS 
AMIDOHYDROLASES IN SOILS AS AFFECTED BY CROPPING 
SYSTEMS 
A paper submitted to Applied Microbial Ecology 
Daniel E. Dodor and M A. Tabatabai 
Abstract 
Cropping systems influence the ecology of agricultural soils. The effects of 
crop rotation and N fertilization on the activities of four amidohydrolases 
(amidase, L-asparaginase, L-aspartase, and L-glutaminase) were studied in soils 
of two long-term cropping systems in Iowa: the Northeast Research Center 
(NERC) and the Clarion-Webster Research Center (CWRC) that were initiated 
in 1979 and 1954, respectively, and sampled in 1996 and 1997. Results 
indicated that multicropping systems, especially meadow-oat-based systems, 
enhanced the activities of the amidohydrolases; monocropping systems, 
involving corn or soybean, reduced the activities of the four enzymes. Analysis of 
variance indicated that the activities of the amidohydrolases were significantly 
affected by cropping systems at the NERC site in both years, but N fertilization 
only significantly affected the amidase activity in the soils from this site. With 
the exception of amidase, the activities of the other three enzymes were not 
affected by cropping systems and N fertilization in the soils at the CWRC site. 
The activities of the four amidohydrolases were significantly correlated with Cmic 
(r > 0.447** and r > 0.398**), Nmic (r > 0.445** and r > 0.596***), and the 
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amount of N mineralized in 24 wk of incubation at 30°C (r > 0.427* and r "> 
0.467*) in the soils of the CWRC and NERC sites, respectively. The specific 
activities of the four enzymes in soils under multicropping systems were greater 
than those under monocropping systems. The results suggest that the 
mineralization of organic N in soil is mediated by microbial biomass through the 
action of these enzymes, and that the activities of the amidohydrolases can be 
used to predict N mineralization and monitor soil health and quality. 
Keywords: Amidohydrolases; Long-term cropping systems; Microbial biomass; 
Carbon; Nitrogen; Soil quality 
INTRODUCTION 
Recently, emphasis on sustainable agriculture and soil environmental 
quality has generated renewed interest in evaluating the effect of different soil 
management practices on microbial biomass and its associated activity. Because 
cycling of elements in soil is governed largely by microbial activity, the effects of 
cropping systems on the soil biota and its associated enzymes are of ecological 
importance. Long-term cropping systems can influence important soil properties 
such as the quantity, quality, and distribution of soil organic matter and 
nutrient cycling. 
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The amidohydrolases [amidase (EC 3.5.1.4), L-asparaginase (EC 3.5.1.1), 
L-aspartase (EC 4.3.1.1), and L-glutaminase (EC 3.5.1.2)] are the enzymes that 
catalyze the hydrolysis of C-N bond other than peptide bonds in linear amides 
(Tabatabai, 1994; Sewno and Tabatabai, 1996). They play a major role in 
organic N mineralization in soils, because it is known that the chemical nature 
of N in soils is such that a large proportion (15-26%) of the organic N is often 
released as NH4+ by acid hydrolysis (6 M HC1), a portion of which is derived from 
the hydrolysis of amides such as asparagines and glutamine residues in soil 
organic matter (Sowden, 1958). Other work on acid hydrolysis of humic 
preparation showed that 7.3 to 12.6% of the total N was present in the form of 
amide-N, and that the percentage of NH4+ released during acid hydrolysis was 
equal to or nearly equal to the sum of aspartic acid-N plus glutamic acid-N 
derived from asparagines and glutamine (Bremner, 1955; Sowden, 1958). The 
amidohydrolases in soils are believed to be primarily of microbial origin, but also 
originate from plants and animals (Tabatabai, 1994). 
Soil enzyme activities vary with management and, therefore, could be 
used as indicators of variation in soil quality (Dick, 1994). In several instances, 
a variety of enzyme activities have been shown to relate to soil biological 
potential (Dick, 1984; Deng et al., 2000), and cropping and soil management 
practices (Dick, 1992). Soil microbial biomass C (Cmic) and N (Nmic) are small but 
labile components of soil organic matter, and exert a key controlling influence on 
the rate of the N and C cycle in agricultural soils (Jenkinson, 1988). 
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Management practices associated with intensification of agriculture are 
known to affect the size and activity of the microbial biomass. Thus, soil 
microbial biomass responds to changes in cropping systems (Moore et al., 2000), 
and has been suggested as a reliable index of soil quality and health (Doran and 
Parkin, 1994). Enzyme activities in soil are associated with the microbial 
biomass (Klose and Tabatabai, 1999a, b). Thus, the response by microorganisms 
to management practices has been measured by estimating the size of the 
microbial biomass and activities of various soil enzymes (Dick, 1992; Moore et 
al., 2000). 
Nitrogen fertilization affects the input of organic residues, microbial 
biomass, and activity of soil enzymes (Klose et al., 1999; Deng and Tabatabai, 
2000; Klose and Tabatabai, 2000). Depending on the amount and type of 
fertilizer, inorganic N fertilization can have significant effect on soil 
microorganisms and enzymes through its impact on soil pH (Tabatabai et al., 
1992). Studies have documented an increase in microbial biomass and activity 
(Mahmood et al., 1997), a decrease in these parameters (Burket and Dick, 1998), 
as well as no clear effect (Moore et al., 2000) with increasing N fertilizer 
application. Because each enzyme catalyzes a specific reaction, assessment of 
the effect of N fertilization on the activities of the enzymes involved in N cycling 
in soils may provide more insight into the N mineralization process, and guide in 
the management of fertilizer programs. 
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Due to their dynamic nature, soil enzymes respond quickly to changes in 
organic matter inputs. Determination of the activities of the enzymes directly 
involves in soil organic matter cycling is thus a valuable tool for assessing the 
effect of different cropping systems and N fertilization practices on organic 
matter dynamics and transformation processes in soils. Therefore, the objectives 
of this work were: (i) to investigate the impacts of cropping systems and N 
fertilization on the activities of amidase, L asparaginase, L-aspartase, and L-
glutaminase in soils of two long-term cropping systems; (ii) to assess the effect of 
Cmic and Nmic on the activities of those enzymes; (iii) to assess the relationship 
between the activities of the four enzymes and N mineralization; and (iv) to 
evaluate the relationships between the activities of the enzymes and soil 
properties. 
MATERIALS AND METHODS 
Soil sampling and description 
The soils used were collected from two long-term cropping systems at the 
Northeast Research Center (NERC) in Nashua, Iowa, and the Clarion-Webster 
Research Center (CWRC) in Kanawha, Iowa. Moore et al. (2000) reported 
detailed description of the sites. The cropping systems at the NERC site were 
continuous soybean (SbSbSbSb), continuous corn (CCCC), corn-soybean 
(CSbCSb), and corn-corn-oat-meadow (CCOM); and at the CWRC site were 
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CCCC, CSbCSb, CCOM, and corn-oat-meadow-meadow (COMM). Each rotation 
at both sites received 0 and 180 kg N ha1 as urea before corn only, and annual 
application of 20 kg P and 56 kg K ha1. The primary tillage system was chisel 
plowing in the fall. 
Analytical methods 
The physical, chemical, and biochemical properties of the soils were 
reported by Moore et al. (2000) and summarized by Dodor and Tabatabai 
(2002a). The amount of N mineralized at 30°C during 24 wk of incubation was 
reported by Deng and Tabatabai (2000). The assay methods for determining the 
activities of the amidohydrolases were described by Tabatabai (1994) and Senwo 
and Tabatabai (1996). The methods are based on determination of NH4+ 
released when soil is incubated with THAM [tris (hydroxymethyl) 
aminomethane] buffer, L-asparagine, L-glutamine, L-aspartic acid, or 
formamide, and toluene at 37°C for 2 h (asparaginase, glutaminase, and 
amidase) or 24 h (aspartase). The NH4* released was determined by treating 
incubated soil sample with 2 M KC1 containing Ag%S04 (to stop enzyme activity) 
and steam distillation of an aliquot of the resulting soil suspension with MgO for 
4 min. The activities of the enzymes were assayed on < 2-mm field-moist 
samples at the optimal pH values in duplicates and one control, and are 
expressed on a moisture-free basis. Moisture was determined after drying at 
105°C for 48 h. 
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Statistical analysis 
The General Linear Model procedure in the SAS system (SAS Institute, 
1996) was used to perform statistical analyses, including analysis of variance, 
contrast comparisons, and means separation by least significant difference. For 
all data points reported in the figures, the differences between the laboratory 
duplicate were smaller than the point size. 
RESULTS AND DISCUSSION 
Amidohydrolase activity 
Results of the activities of the amidohydrolases are shown in Tables 1 and 
2 for the soils from the CWRC and NERC sites, respectively. In general, the 
activity values found in the soils from the CWRC site were greater than those 
from the NERC site, probably due to the higher organic C content in the soils 
from the CWRC site (Moore et al., 2000; Dodor and Tabatabai, 2002a). At the 
CWRC site, greater activity values were found in plots under oat or meadow, 
whereas the least was found in plots under continuous corn. A similar trend in 
activity was found in the soils from the NERC site, with the greatest activity in 
plots under oat and meadow, and the least in plots under continuous corn or 
soybean. This result supports previous findings that the activities of 
glycosidases, arylamidase, arylsulfatase, and urease were higher in plots under 
oat and meadow compared with continuous corn or soybean (Klose et al., 1999; 
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Klose and Tabatabai, 2000; Dodor and Tabatabai, 2002a, b). Similarly, Dick 
(1984) found that the activities of a group of enzymes including amidase and 
urease were 2 to 4 times higher in plots under corn oat-meadow rotation 
compared with corn-corn rotation. 
The type of organic matter produced has been reported to influence the 
activities of invertase, cellulase, and amylase more than the quantity of organic 
matter (Pancholy and Rice, 1973). The higher enzyme activity values in plots 
under oat-meadow rotation therefore suggest that the nature and quality of 
organic matter produced favors the soil enzymes. The higher enzyme activity in 
plots under meadow can also be attributed to the improved rhizosphere as a 
result of root exudates secreted by the legumes in the rotation. Leguminous 
plants have been reported to excrete enzymes into the rhizosphere (Burns, 1978), 
probably explaining the results of Bopaiah and Shetty (1991) who found that 
urease activity was higher in the rhizosphere of crops than in the surrounding 
root region. Nannipieri et al. (1983) also reported that ryegrass residues contain 
phosphatase, urease, and protease. The results of the present study together 
with those cited above suggest that there may be qualities unique to oat and 
meadow that increase the activity of amidohydrolases. 
Effect of crop rotations 
Analysis of variance indicated that the activities of amidohydrolases were 
significantly affected by cropping system (P > 0.001***) at the NERC site in 
117 
1996 and 1997. This agrees with the work of others (Dick, 1984; Miller and 
Dick, 1995; Bandick and Dick, 1999; Dodor and Tabatabai, 2002a, b) who found 
that crop rotation strongly influences soil enzyme activity. Also, cropping 
system significantly affected Cmic and Nmic values of these soils (Moore et al., 
2000). Studies of total and extracellular activities of urease and arylsulfatase in 
soils have shown that cropping systems significantly affect the various pools of 
these enzymes in soils (Klose et al., 1999; Klose and Tabatabai, 2000). The 
activities of protease, urease and asparaginase were also found to be higher in 
fields with crop rotation than in fields with corn monoculture (Blagovesh-
chenskaya and Danchenko, 1974). Crop rotation provides the opportunity to 
return residues of different C/N ratios to the soil, which could influence 
microbial activity and dynamics, and positively affect soil productivity through 
the increased microbial activity associated with the diverse root rhizosphere. 
Some cellulases were reported to be closely related to the input of fresh organic 
material and plant residues (Dick, 1994). 
Within a cropping system, the equilibrium level of soil organic matter can 
be related to the amount of crop residue returned to the soil. Contrast 
comparison indicated that the activities of the amidohydrolases were 
significantly greater in plots under multicrop (4-yr) rotation than those under 2-
yr or continuous corn. Crop rotation increases the amount of biomass C 
returned to the soil and affects the size, turnover, and distribution of active and 
passive pools of soil organic C (Franzluebbers et al., 1994). Changes in 
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management have been shown to indirectly affect the soil biotic community and 
its function through an influence on the above-ground plant productivity and 
community structure (Bardgett et al., 1993). The greater activity in the plots 
under 4-yr rotation can thus be attributed to litter diversity, which probably 
affects soil microbial activity measured as soil enzyme activity. This is 
especially true of the legumes in the rotation, because they produced more 
readily decomposable organic residues in addition to the increased root biomass 
and exudates. Several long-term studies have showed that rotation with 
legumes can maintain or increase the amount and quality of organic matter in 
soil (Campbell et al., 1991). 
With the exception of amidase, the activities of the other three 
amidohydrolases in the soils sampled from the CWRC site were not significantly 
affected by cropping systems. Similarly, arylamidase activity was not 
significantly affected by cropping systems in the soils at this site (Dodor and 
Tabatabai, 2002a). This lack of significance can be attributed to the spatial 
variability in the chemical properties of the soils from the CWRC site. 
Effect of N fertilization 
Increase in plant productivity associated with N fertilization determines 
the harvest and the amount of C and root exudates added to the soil, thus 
increasing microbial growth and activity (Bardgett et al., 1993). Conversely, it 
has been suggested that N application can have a direct inhibitory effect on soil 
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microbial community through repression of enzyme activity. Results of the 
present study indicated that, with the exception of amidase, N fertilization did 
not have a significant effect on the activities of the amidohydrolases. A similar 
insignificant effect due to N fertilization on the activities of a range of enzymes 
has been reported (Klose and Tabatabai. 2000; Dodor and Tabatabai, 2002a, b). 
Dick et al. (1988) showed that the activity of amidase and urease decreased with 
increasing application of ammonia-based N fertilizer. Burket and Dick (1998) 
also reported a reduction in urease and microbial biomass levels in soils that 
received long-term N fertilizer compared with native soils. The negative effect of 
N fertilization on enzyme activity was thought to be due to NH.»+ produced from 
the fertilizer. McCarty et al. (1992) later showed that the NH4+ repression of 
urease activity was indirectly due to the by-product of NH^+ assimilation. 
Conflicting results of the effect of N fertilization on microbial biomass and 
activity have also been reported in the literature. Srivastava and Lai (1994) 
reported a 34% increase in microbial biomass for an Indian soil treated with 
inorganic N fertilizer compared with plots that did not receive N fertilizer. 
Nitrogen fertilization was also found to have no effect on microbial biomass 
(Moore et al., 2000). Bristow and Javis (1991) found that different management 
of long-term grassland had little influence on Cmic and Nmic. Conversely, N 
fertilizer addition has been reported to cause a reduction in Cmic accompanied by 
reduced microbial activity. Change in N fertilizer application was shown to have 
a profound influence on soil microbial characteristics (Bardgett and Leemans, 
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1995). Reductions in microbial biomass in fertilized soils have been attributed to 
the acidifying effect of nitrogenous fertilizers. 
Amidohydrolases activities in relation to Cmic 
Figures 1 and 2 show the relationship between amidohydrolase activities 
and Cmic for the soils from the CWRC and NERC sites, respectively. Results 
indicated that, with the exception of amidase in 1997, the activities of the other 
enzymes were significantly correlated with Cmic in the soils from the two sites. 
Microbial biomass C responds more rapidly to changes in management and has 
been considered a more sensitive indicator of soil quality. Considerable effort 
has thus been expended to determine the relationship between soil enzyme 
activity and microbial biomass. Recently, it has been shown that the activities of 
total and extracellular urease and arylsulfatase activity are associated with 
microbial biomass (Klose and Tabatabai, 1999a, b), suggesting that assaying 
enzyme activity could be useful for monitoring microbial activity. The 
significant correlation between amidohydrolases and Cmic agrees with previous 
studies (Zaman et al., 1999; Deng et al., 2000; Dodor and Tabatabai, 2002a, b) 
that found positive correlation between microbial biomass and the activity of 
different enzymes. It has been shown that microbial biomass is strongly 
correlated with the activities of a range of soil enzymes, including catalase and 
amidase. Amidase activity, however, is significantly correlated with microbial 
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respiration in soils amended with glucose, but not with microbial biomass 
(Frankenberger and Dick, 1983). 
The soil Cmic is small, ranging from 1 to 3 % of the organic C but labile 
component of soil organic matter. It is thought to exert a key controlling 
influence on the rate of nutrients cycling in agricultural soils (Jenkinson, 1988). 
This function is operated through the capacity of soil microbial biomass to 
immobilize nutrient and also act as an immediate nutrient source. It has been 
indicated that more than 90% of all nutrients pass through the microbial 
biomass to higher trophic levels (Kennedy, 1995). Thus, the microbial biomass 
turnover has been used to assess the nutrient fluxes through the organic pool, 
and has been shown to be equivalent to the plant nutrient uptake under various 
climates (Paul and Clark, 1996). The size and activity of the microbial 
population depends on soil organic matter quality and has been related to 
different agricultural practices. 
Activities of amidohydrolases in relation to Nmic 
The relationship between activities of the amidohydrolases and Nmic is 
shown in Figs 3 and 4 for the soils from the CWRC and NERC sites, respectively. 
At both sites, the activities of asparaginase, aspartase, and glutaminase were 
significantly correlated with Nmic in both years. However, amidase activity was 
only significantly correlated with Nmic in the soils sampled from the NERC site 
in 1996. This significant correlation agrees with others who reported significant 
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correlation between enzyme activities and Nmic (Klose et al., 1999; Deng et al., 
2000; Klose and Tabatabai, 2000; Dodor and Tabatabai, 2002a). Microbial 
biomass N constitutes a significant part of potential mineralizable N and may 
thus contributes significantly to plant available N derived from soils (Singh et 
al., 1991). Because activities of the amidohydrolases were significantly 
correlated with Nmic, it appears that these enzymes play a significant role in the 
N mineralization process. Similarly, Nmic values are significantly correlated 
with, and explain 97% of variance in, urease activity in soils (Roscoe et al., 
2000). The results of the present study suggest that enzyme activity can be an 
ideal parameter for assessing the role of microorganisms in soil processes. Ladd 
(1985) indicated that soil enzyme activities are an indirect measure of soil 
microbial activity. 
Soil microorganisms are the primary agents in the soil ecosystem-
mediating processes linked to nutrient cycling, and are also considered the major 
source of enzymes in soils (Tabatabai, 1994). The activities of the microbial 
biomass can be used to characterize the microbiological status of soils, and to 
determine the effect of cultivation and field management on soil microorganisms 
(Perrott et al., 1992). The composition of the microbial community determines 
the potential of that community for enzyme synthesis, and so any modification of 
microbial community would be reflected on the level of soil enzymes. Working 
with urease and arylsulfatase, Klose and Tabatabai (1999a,b) showed that the 
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activities of enzymes are indeed associated with the microbial biomass, further 
strengthening the findings in the present study. 
In general, changes in organic C due to management practices are often 
difficult to measure accurately against the large background of soil organic 
matter already present. In contrast, changes in Cmic occur more rapidly in 
response to changes in management (Haynes and Beare, 1996). The positive 
correlation between Nmic, Cmic, and the activities of the amidohydrolases in the 
present study suggest that the activity of these enzymes involves in the 
transformation of organic N are changing in proportion to that of the microbial 
biomass. The increased cycling of organic N in soils due to changes in the size of 
the microbial pool may enhance the efficiency of N use in agricultural systems 
(Bremer and van Kessel, 1992). It is also possible that the variation in enzyme 
activities induced by crop rotation and the decomposition of crop residue may 
modulate microbial biomass and the extracellular enzymes that are released into 
soil by the microbial biomass (Ritz et al., 1997). 
Activities of amidohydrolases in relation to N mineralization 
Microorganisms are the engine of organic N transformation, and 
information on key characteristics of soil microbiological activity in relation to N 
cycling processes in soil are needed to better predict N mineralization. The 
activities of the amidohydrolases represent the soil's potential to hydrolyze 
organic N to release inorganic N for plant uptake (Tabatabai, 1994). The results 
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of the relationship between cumulative amounts of N mineralized at 30°C during 
30 wk of incubation and amidohydrolase activities are shown in Figs 5 and 6 for 
the soil from the CWRC and NERC sites, respectively. Results indicated that 
activities of the amidohydrolases were significantly correlated with N 
mineralization. This finding agrees with that of Dodor and Tabatabai (2002a) 
who reported significant correlation between arylamidase activity and N 
mineralization. Similarly, Deng et al. (2000) also reported a significant 
correlation between activities of amidase, dehydrogenase, and N mineralization. 
Anderson and Domsch (1978) reported a significant correlation between 
substrate induced respiration and net N mineralization after 4 wk of incubation 
at 25°C in 13 agricultural soils. Franzlubbers et al. (1995) also reported a strong 
correlation between arginine ammonification and net N mineralized in 10 d. 
The gross N mineralization rate was found to be positively correlated with the 
activity of protease and urease (Zaman et al., 1999). 
The positive correlation between the activities of the amidohydrolases and 
N mineralization, together with that of Nmic and Cmic, strongly supports our 
assertion that mineralization of soil organic N is being mediated through the 
microbial biomass by the action of these enzymes. This finding is very 
significant, because previous studies have suggested that the amidohydrolases 
may be rate-limiting factors in organic N mineralization (Cantarella and 
Tabatabai, 1983). This knowledge on an indicator of N mineralization in soil can 
be used to improve N-use efficiency and lessen environmental impact of N 
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contaminations. A useful means for predicting N mineralization to accurately 
reflect mineralized N taken up by the plant, however, should be biologically 
relevant to the process of N mineralization. The results reported herein further 
suggest that measurement of the activities of the amidohydrolases, being 
biologically relevant to N mineralization, could be used to predict potential 
mineralizable N in soils. 
Activities of amidohydrolases in relation to soil properties 
Linear regression analysis showed that the activities of the four 
amidohydrolases were significantly correlated with organic C in the soils from 
the NERC site in 1996 and 1997, with r values ranging from 0.33* to 0.52***. 
These results agree with those of other studies showing that enzyme activities 
are correlated with organic C content of soils (Acosta-Martinez and Tabatabai, 
2000, 2001; Dodor and Tabatabai, 2002a, b). Deng and Tabatabai (1996) also 
showed that activities of amidohydrolases were significantly correlated with 
organic C. The result is expected, because organic matter plays an important 
protective role in maintaining soil enzymes in their active form, and supports 
the hypothesis that enzymes are immobilized in a three dimensional network of 
clay and humus complexes (McLaren, 1975). The organic C content is also used 
as an index of biological activity of soil, because it is significantly related to 
levels of soil enzyme activity. The activities of the four amidohydrolases were 
also significantly correlated with the organic N soils from the NERC, with r 
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values ranging from 0.33* to 0.69***. With the exception of amidase, which was 
significantly correlated with organic C (r = 0.36* in 1996, and 0.67*** in 1997) 
and with organic N (the corresponding r values were 0.43** and 0.53***, 
respectively), the activities of the other three enzymes were not significantly 
correlated with either organic C or organic N contents of soils from the CWRC 
site. 
Specific activities of amidohydrolases 
The chemical and biochemical properties of soil organic C are important 
parameters for characterizing ecosystem health, as has been demonstrated by 
Senwo and Tabatabai (1998) in studies of amino acid composition of soil organic 
matter. In this work, we calculated the specific activities of the four enzymes; 
i.e., expressing the activity of the individual enzyme per unit mass of organic C. 
Because the assay of aspartase activity involved 24 h of incubation compared 
with 2 h for the other three enzymes studied, the specific activity values of this 
enzyme was normalized to 2 h. Analysis of variance indicated that cropping 
systems significantly affected the specific activity values of the four 
amidohydrolases in soils from the NERC site in both sampling years (Table 3). 
In general, the specific activities of glutaminase were the greatest and those of 
aspartase were the least. The specific activities of the four enzymes in soils 
under multicropping systems were greater than those under monocropping 
systems. 
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The specific activity values of the four enzymes in the soils from the 
CWRC site followed a similar trend as those from the NERC site (Table 4). 
Analysis of variance, however, indicated that, with the exception of amidase 
activity, the specific activity values of the other three enzymes studied were not 
affected by cropping systems. This divergence in results between the two sites 
could be due to sampling times, variation in residue decomposition, and/or the 
degree of spatial variability in biochemical properties among the field plots at 
the CWRC site. 
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Table 1 
Effect of cropping systems on activities of amidohydrolases in the soils at 
the CWRC site. 
Enzyme activity" 
Crop N Amidase Asparaginase Glutaminase Aspartase 
rotation15 treatment 1996 1997 1996 1997 1996 1997 1996 1997 
kg ha'1 mg NH4 -N kg"1 soil 2h l 
C-c-c-c 0 255 301 66 62 321 344 207 209 
180 392 476 42 60 219 276 183 189 
C-sb-c-sb 0 343 422 84 42 474 387 266 217 
180 330 413 53 53 350 453 210 225 
c-Sb-c-sb 0 388 470 97 69 396 478 247 317 
180 442 483 77 69 325 521 218 327 
C-c-o-m 0 453 392 58 61 395 485 282 295 
180 439 407 53 53 298 360 242 262 
c-C-o-m 0 385 384 66 57 432 500 278 287 
180 443 397 50 58 294 464 203 263 
c-c-O-m 0 519 485 62 66 411 463 213 243 
180 548 515 47 48 329 406 148 193 
c-c-o-M 0 459 611 77 71 528 546 267 290 
180 383 617 58 60 363 380 178 193 
C o m  m  0 440 471 62 64 346 515 230 298 
180 403 506 42 38 190 374 133 194 
c-O-m-m 0 505 575 67 83 416 535 227 294 
180 525 596 64 88 482 556 246 308 
c-o-M-m 0 508 429 80 64 443 566 255 274 
180 490 453 65 55 440 358 260 244 
c-o-m-M 0 408 538 84 84 489 523 284 273 
180 429 509 73 45 442 380 229 189 
LSDCP<0.05 87 72 46 46 219 264 101 151 
LSDd f <0.05 108 70 39 62 275 398 190 269 
a Average of two field replicates. Aspartase = mg NH 4-N kg"1 soil 24 h'1. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to to crop rotation at 180 N. 
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Table 2 
Effect of cropping systems on activities of amidohydrolases in the soils at 
the NERC site. 
Enzyme activity" 
Crop N Amidase Asparaginase Glutaminase Aspartase 
rotation*" treatment 1996 1997 1996 1997 1996 1997 1996 1997 
kg ha'1 mg NH4-N kg'1 soil 2h l 
C-c-c-c 0 186 174 39 39 265 308 97 129 
180 203 191 43 49 261 377 112 136 
C-sb-c-sb 0 198 136 55 47 354 375 124 135 
180 184 131 39 51 361 414 110 127 
c-Sb-c-sb 0 186 165 46 47 424 455 111 147 
180 178 232 47 44 419 441 102 141 
C e o  m  0 - 268 - 70 - 558 - 203 
180 - 280 - 80 - 616 - 189 
c-C-o-m 0 198 165 73 76 381 616 176 190 
180 261 190 46 69 336 644 158 189 
c-c-O-m 0 209 220 66 77 546 609 154 197 
180 323 290 68 85 536 591 185 216 
c-c-o-M 0 247 - 76 - 616 - 219 -
180 260 - 73 - 599 - 198 -
Sb-sb-sb-sb 0 178 212 32 39 239 479 98 106 
LSD'P <0.05 62 52 18 15 96 104 40 34 
LSDd P<0.05 66 68 13 13 95 90 33 16 
" Average of three field replicates. Aspartase = mg NH4-N kg'1 soil 24 h'1. 
b C = corn, SI) = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to to crop rotation at 180 N. 
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Table 3 
Effect of cropping systems on specific activities of amidohydrolases in soils 
at the NERC site. 
Specific activity" 
Crop N Amidase Asparaginase Glutaminase Aspartase 
rotation11 treatment 1996 1997 1996 1997 1996 1997 1996 1997 
i l l  _ vrrj Nkg1 organic n kg ha g NH4 V 
C-c-c-c 0 7.3 8.2 1.5 1.8 10.5 14.5 0.32 0.51 
180 9.0 8.4 1.9 2.2 11.6 16.7 0.41 0.50 
C-sb-c-sb 0 11.4 7.3 3.2 2.5 20.5 20.0 0.60 0.60 
180 10.4 6.7 2.2 2.6 20.4 21.2 0.52 0.54 
c-Sb-c-sb 0 9.4 7.7 2.3 2.2 21.4 21.3 0.47 0.57 
180 9.2 10.6 2.4 2.0 21.8 20.1 0.44 0.54 
C-c-o-m 0 - 11.8 - 3.1 - 24.6 - 0.74 
180 - 13.8 - 3.9 - 30.3 - 0.78 
c-C-o-m 0 9.2 7.6 3.4 3.5 17.8 28.5 0.69 0.73 
180 11.2 8.5 2.0 3.1 14.4 28.7 0.56 0.70 
c-c-O-m 0 9.5 9.7 3.0 3.4 24.8 26.8 0.58 0.72 
180 15.1 12.3 3.2 3.6 25.1 25.2 0.72 0.77 
c-c-o-M 0 9.7 - 3.0 - 24.2 - 0.71 -
180 11.2 - 3.2 - 25.8 - 0.71 -
Sb-sb-sb-sb 0 10.3 11.4 1.9 2.1 13.8 25.8 0.47 0.48 
LSDC P<0.05 3.1 2.6 1.0 0.7 4.7 5.4 0.15 0.17 
LSDd P0.05 3.5 2.0 0.7 0.6 4.7 4.2 0.09 0.12 
8 Average of three field replicates. Aspartase = mg NH4-N kg"1 soil 24hl. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to to crop rotation at 180 N. 
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Table 4 
Effect of cropping systems on specific activities of amidohydrolases in soils 
at the CWRC site. 
Specific activity" 
Crop N Amidase Asparaginase Glutaminase Aspartase 
rotation treatment 1996 1997 1996 1997 1996 1997 1996 1997 
kg ha"1 XTTT -N kg"1 • yi g NH4 organic v 
C-c-c-c 0 9 10 2.3 2.1 12 12 0.61 0.58 
180 11 13 1.2 1.7 8 8 0.43 0.44 
C-sb-c-sb 0 11 13 2.7 1.3 12 12 0.71 0.55 
180 11 13 1.8 1.7 15 14 0.59 0.58 
c-Sb-c-sb 0 13 14 3.2 2.0 16 14 0.67 0.77 
180 14 14 2.4 2.1 16 16 0.57 0.81 
C e o  m  0 15 13 2.0 2.0 16 16 0.80 0.79 
180 13 13 1.5 1.7 10 12 0.58 0.70 
c-C-o-m 0 12 11 2.0 1.7 16 15 0.72 0.70 
180 13 11 1.4 1.5 13 12 0.48 0.58 
c-c-O-m 0 16 14 1.9 1.8 14 13 0.54 0.57 
180 16 14 1.4 1.3 12 11 0.36 0.44 
c-c-o-M 0 12 15 2.0 1.7 14 13 0.58 0.59 
180 10 16 1.6 1.5 10 10 0.40 0.41 
C-o-m-m 0 12 13 1.7 1.8 15 14 0.54 0.69 
180 12 15 1.2 1.1 11 11 0.32 0.47 
c-O-m-m 0 15 16 1.9 2.4 16 15 0.55 0.69 
180 14 13 1.7 2.0 15 13 0.55 0.58 
c-o-M-m 0 17 14 2.6 2.1 19 19 0.70 0.75 
180 15 13 2.0 1.6 11 10 0.66 0.58 
c-o-m-M 0 11 14 2.2 2.1 14 13 0.63 0.58 
180 11 13 1.9 1.1 10 10 0.50 0.40 
LSDC P<0.05 3.2 2.9 1.5 1.3 7.1 7.8 0.28 0.41 
LSDdP<0.05 3.3 2.4 1.3 1.7 9.0 11.3 0.49 0.61 
" Average of two field replicates. Aspartase = mg NH4-N kg"1 soil 24h"\ 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to to crop rotation at 180 N. 
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CHAPTER 6 
EFFECT OF CROPPING SYSTEMS ON PHOSPHATASES IN SOILS 
A paper submitted to Journal of Plant Nutrition and Soil Science 
Daniel E. Dodor and M. Ali Tabatatabai 
Abstract 
Phosphatases are widely distributed in nature and play a major role in 
phosphorus nutrition of plants. The effects of crop rotations and nitrogen 
fertilization on the activities of phosphatases (acid phosphatase, alkaline 
phosphatase, and phosphodiesterase) were studied in soils from two long-term 
cropping systems at the Northeast Research Center (NERC) in Nashua, and the 
Clarion-Webster Research Center (CWRC) in Kanawha, Iowa. Surface soils (0-15 
cm) were taken in 1996 and 1997 from replicated field plots in corn, soybeans, 
oats, or meadow (alfalfa) that received 0 or 180 kg N ha1 before corn. Because of 
differences in organic C contents among soils of the two sites, the soils from the 
CWRC sites contained greater activity values than those from the NERC site. 
Plots under oats or meadow showed the greatest activity values, whereas those 
under continuous corn at the CWRC site and soybean at the NERC site showed 
the least activities. Analysis of variance indicated that the activities of the 
phosphatases were significantly affected by crop rotation (P < 0.001) in both 
years at the NERC site but not at the CWRC site. Nitrogen fertilization affected 
the activity of acid phosphatase in soils from the CWRC site in both years, and 
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alkaline phosphatase only in 1997; but it did not affect the activities of the 
phosphatases in the soils from the NERC site. With the exception of alkaline 
phosphatase (CWRC) and phosphodiesterase (NERC) in soils sampled in 1997, 
activities of alkaline phosphatase and phosphodiesterase were significantly 
correlated with microbial biomass C (Cmic) in soils from both sites and years, 
with r values ranging from 0.366* to 0.599***. Cropping systems and N 
fertilization affected the specific activities of phosphomonoesterases, especially 
acid phosphatase, but not of phosphodiesterase. Regression analysis showed that 
activities of phosphatases were significantly correlated with organic C contents 
of soils from the NERC site but not from the CWRC site. 
Key words: phosphomonoesterases / phosphodiesterase / crop rotations / N 
fertilization / microbial biomass C 
INTRODUCTION 
The phosphomonoesterases - acid phosphatase (orthophosphoric 
monoester phosphohydrolase, EC 3.1.3.2), and alkaline phosphatase 
(orthophosphoric monoester phosphohydrolase, EC 3.1.3.1) - have been studied 
extensively. These enzymes are classified acid and alkaline phosphatases 
because they show optimum activities in acid and alkaline ranges, respectively. 
Because of the importance of these enzymes in plant nutrition and in organic P 
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mineralization in soils, these two enzymes, especially acid phosphatase, are 
among the most studied enzymes. Phosphomonoesterases catalyze the hydrolytic 
cleavage of the C-O-P ester bond of organic P present in soils (Eivazi and 
Tabatabai, 1977), releasing inorganic P (H2PO4 and HPO42") for plant use, and 
thus play a fundamental role in P cycling. Yannai (1992) reported that more 
than 60% of the P taken up by northern hardwood forests originated from 
mineralization of organic P through the action of phosphatases. 
Phosphodiesterase (orthophosphodiester phosphohydrolase, EC 3.1.4.1) is 
least studied in soils. This enzyme perhaps is best known for its ability to 
degrade nucleic acid (Razzel and Khorana, 1959), and given the demonstrated 
ability of soils to degrade added nucleic acid (Pearson et al, 1941; Rogers, 1942) 
and the natural occurrence of these compounds in soils (Anderson, 1967), the 
potential role of phosphodiesterase in the soil P cycling is obvious. 
With increasing concern over the effect of intensive agricultural practices 
on soil and environmental quality, there is a movement toward adoption of 
cropping systems that maintain and/or improve soil health and quality. The 
level of organic matter in soil is a function of the net input of organic residues by 
rotation practices within cropping systems. Crop rotation allows return of crop 
residues of varying quality to the soil, which, in turn, affects the level and 
quality of soil organic matter retained over time {Campbell, 1991, Campbell et 
al. 1992). In most agricultural soils, organic P comprises 20-85% of total P, of 
which the largest fraction is in the form of phytin (50%) and its derivatives 
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{Dalai, 1978). Phytin and other organic P compounds, such as lecithin and 
glycerophosphate, are important sources of P for plant nutrition. 
Soil microbial biomass is considered an important and labile fraction of 
soil organic matter involved in energy and nutrient cycling. Enzymes are 
associated with microbial biomass {Klose and Tabatabai, 1999a), and their 
activities have been reported to respond more quickly to changes in crop 
management practices and environmental conditions {Brookes, 1995). 
Phosphatases in soils are derived mostly from microbial population 
{Tabatabai, 1994) and have been suggested as a satisfactory index of microbial 
activity {Frankenberger and Dick, 1983). Studies have shown that management 
practices affect levels of phosphatases activities in soils {Doran, 1980, Dick, 
1984; Adams, 1992/ Clarholm, 1993). Other studies have shown that 
phosphatases activities can be good indicators of organic P mineralization 
potential and biological activity of soils {Dick and Tabatabai, 1992), and are 
related to soil and vegetation conditions {Herbien and Neal, 1990). The 
importance of microbial biomass in supplying plant-available P also has been 
shown {Hayes et al., 2000/ Kramer and Green, 2000). 
Depending on amount and type of fertilizer, inorganic N fertilization can 
have significant effect on soil microorganisms and enzyme activity through its 
impact on soil pH {Tabatabai et al., 1992). Nitrogen fertilization has been found 
to significantly decrease pH of soils and affect input of organic residues, 
microbial biomass, and activities of soil enzymes {Moore et al., 2000/ Deng et al., 
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2000; Klose et al., 1999; Klose and Tabatabai, 2000). Acid phosphatase activity 
has been reported to be predominant in acid soils, whereas alkaline phosphatase 
dominates in alkaline soils (Eivazi and Tabatabai, 1977; Dick and Tabatabai, 
1984). Activities of soil phosphatases are affected by changes in soil pH due to 
lime application (.Acosta-Martinez and Tabatabai, 2001). 
Land management has a preponderant effect on soil organic matter levels 
and chemical reactions within soils. For cropping systems that include crop 
rotation and input of chemical fertilizers, a biological approach, such as enzyme 
activity, may be the preferred indicator for assessing the effect of these practices 
on important soil function and on the overall sustainability of the system. Soil 
enzymes are intimately involved in cycling of nutrients, and enzyme activities 
reflect overall sustainability of microbiological activity and act as an indicator of 
change and soil quality {Dick, 1994). Studies have shown that addition of 
organic residue and P fertilization affect activities of phosphatases in soils; 
however, there is relatively little information on the combined effect of changes 
in organic input due to crop rotation and N fertilization on activities of 
phosphatases. Therefore, the objectives of this study were: (i) to assess changes 
in activities of phosphatases resulting from crop rotations and N fertilization 
and (ii) to study relationships of those changes to Cmic. 
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MATERIALS AND METHODS 
Sites and soils 
The soils used were collected from two long-term cropping systems at the 
Northeast Research Center (NERC) in Nashua, and the Clarion-Webster 
Research Center (CWRC) in Kanawha, Iowa, U S A. The sites were established 
in 1979 and 1954, respectively, to study the influence of crop rotation and N 
fertilization on crop yields. Locations of the sites and their experimental designs 
are reported by Moore et al. (2000). The cropping systems at the NERC sites 
contained three replications in continuous corn [Zea mays L.] (CCCC), corn-
soybean [Glycine max L]. (CSbCSb), corn-corn-oat [Avena sativa L.]-meadow 
(CCOM), and continuous soybean (SbSbSbSb). The meadow was planted with 
alfalfa [Medicago sativa L.] The CWRC site contained two replicates in CCCC, 
CSbCSb, CCOM, and corn-oat-meadow-meadow (COMM). The N treatments 
chosen for each rotation at both sites were 0 and 180 kg N ha"1, applied as urea 
before corn only. All plots received an annual fertilization of 20 kg P and 56 kg 
K ha-1 and the primary tillage system was chisel plow in the fall. The samples 
from the NERC site were collected in May 1996 and June 1997 and those from 
the CWRC site in July 1996 and 1997 by pooling 6-8 cores (0-5 cm) from each 
plot. When not in use, the samples were stored in double plastic bags at 4°C. 
The physical, chemical and biochemical properties of the soils were reported by 
Moore et al. (2000) and summarized by Dodor and Tabatabai (2002a). 
149 
Assay methods 
The methods used for assaying the activities of the phosphatases are described 
by Tabatabai (1994). The methods involve extraction and quantitative 
determination of jig p-nitrophenol released when soil is incubated with p-
nitrophenyl phosphate or 6is-p-nitrophenyl phosphate in modified universal 
buffer adjusted to pH 6.5, 11, and 8, for acid and alkaline phosphatase and 
phosphodiesterase, respectively. Activities of the enzymes were assayed on < 2 
mm field-moist samples in duplicates and one control and expressed on a 
moisture-free basis. Moisture was determined from loss in weight after drying 
at 105°C for 48 h. 
Statistical analysis 
Statistical analyses, including analysis of variance, contrast comparisons, 
and mean separation by least significant difference were performed by using the 
general linear model procedure of the SAS system (SAS Institute, 1996). For all 
data points reported in the figures, the difference between the laboratory 
duplicate was smaller than the symbol size. 
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RESULTS AND DISCUSSION 
Activities of phosphatases 
Activities of the phosphatases studied are shown in Tables 1 and 2 for 
soils from the CWRC and NERC sites, respectively. Greater activity values were 
found in soils from the CWRC site compared with soils from the NERC site. 
This is due to differences in organic C concentrations in the soils from the two 
sites (Dodor and Tabatabai 2002a). Studies on comparison of the sensitivity of 
various soil biochemical and microbial indexes to long-term fertilizer N 
treatments on grassland showed that urease and phosphatase activities 
responded similarly and were indicative of soil organic C contents (Lovell et al., 
1995). 
At the CWRC site, plots under oat or meadow showed the greatest activity 
values, whereas those under corn showed the least. Similar trend in activity 
values were found in soils from the NERC site, with the lowest in continuous 
soybean. Thes results agree with those previously reported that showed oat and 
meadow promoting activity of amidohydrolases in soils CDodor and Tabatabai 
2002c). Other studies also have shown that activities of soil enzymes 
(arylamidase, amidase, arylsulfatase, and glycosidases) were greater in soils 
under oat compared with those under corn (Dick 1984/ Klose et al., 1999/ Klose 
and Tabatabai, 2000/ Dodor and Tabatabai, 2002a, b). 
151 
Plant roots have been shown to secrete acid phosphatase (Seeling and 
Jungk, 1996), and other exudates (Jones, 1998). Because legumes require more 
P for maximum growth, they often are more responsive to P application than 
nonleguminous crops (Koide and Mooney, 1987) and have been reported to 
secrete enzymes into the rhizosphere (Burns, 1978). The higher phosphatase 
activity values in plots under meadow (alfalfa) could thus be the results of 
enhanced secretion of these enzymes by the roots to contribute to hydrolysis of 
organic P esters in the rhizosphere. Recently, it has been shown that plants 
started secreting acid phosphatase as soon as their roots emerged and that 
maximum secretion occurred under P-deficient conditions (Yadav and Tarafdar, 
2001). 
Regression analysis indicated that, with the exception of alkaline 
phosphatase, activities of the other phosphatases studied were significantly 
correlated with organic C content of the soils from the CWRC site in both years. 
Although soil contains various forms of organic C, only a small portion of these is 
readily available for microbial use (Deluca and Keeney, 1993). Thus, microbial 
processes in soil often are limited by availability of C substrate. Crop rotations 
modify the composition and distribution of organic C in soils, which, in turn, 
influence soil microbial dynamics and processes through changes in quantity and 
quality of plant residue entering the soil. Our results suggest that as well as 
being a substrate for microbial activity, organic C plays an important protective 
role in maintaining soil enzymes in active form and supports the hypothesis that 
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enzymes are immobilized in a three-dimensional network of clay and humus 
complexes (McLane, 1975), and/or associated with larger microbial population 
resulting from the increase organic C. At the CWRC site, there were no defined 
trends for the relationship between the phosphatases and organic C. This can be 
attributed to the large spatial variability in properties of the soils from this site 
(Dodor and Tabatabai, 2002a). 
Effect of crop rotation 
Analysis of variance indicated that activities of the phosphatases studied 
were significantly affected by crop rotation (P < 0.001) in both years at the 
NERC site. This finding agrees with previous works showing that cropping 
systems significantly affected activities of a range of enzymes in soils from this 
site (Klose et al., 1999/ Klose and Tabatabai, 2000/ Dodor and Tabatabai, 2002a, 
b, c). Results indicated that the quality of organic C, which is a function of the 
net residue input by cropping systems, exerted a considerable influence on 
activities of the phosphatases in soils. Miller and Dick (1995) found that green 
manure and crop rotation strongly influenced soil enzyme activities. Dick (1984) 
found that alkaline phosphatase was affected by 18-19 years of different tillage 
and crop rotation treatments in corn production. Soil enzymes mediate 
decomposition of organic residues returned to soils, of which the size of the labile 
pool is influenced by crop rotation. The significant effect of crop rotation on 
activities of the phosphatases also can be attributed to increased microbial 
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activity during biological oxidation of incorporated diverse residues returned to 
the soil as a result of crop rotation. 
At the CWRC site, activities of the phosphatases were not affected by 
cropping systems. This can be attributed to spatial variability in the chemical 
properties of the soils from this site and the time of sampling (Dodor and 
Tabatabai, 2002a). Other workers also have reported seasonal fluctuation in 
enzyme activities (Burton and McGill, 1992; Ross et al., 1995). 
Effect of N fertilization 
Results of analysis of variance indicated that N fertilization affected 
activity of acid phosphatase in soils from the CWRC site in both years and 
alkaline phosphatase only in 1997. At the NERC site, N fertilization did not 
affect activities of the phosphatases. The soils from the CWRC site have lower 
pH values compared with those from the NERC site (Moore et al., 2000). This 
favors activity of acid phosphatase because it has been shown that acid 
phosphatase is predominant in acid soils and that alkaline phosphatase is 
predominant in alkaline soils (Eivazi and Tabatabai, 1977; Juma and 
Tabatabai, 1978). Activity values for acid phosphatase were greatest among the 
three enzymes and also were greater in soils from the CWRC site than those in 
soils from the NERC site (Tabs 1 and 2). The results confirm previous reports of 
the importance of pH in regulating activity of acid and alkaline phosphatase 
(Eivazi and Tabatabai, 1977) and support the hypothesis that the rate of 
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synthesis and release of acid phosphate by soil microorganisms and its stability 
in soils increases with lowering pH (Tabatabai, 1994). The significant effect of N 
fertilization on activity of acid phosphatase in soils from the CWRC site thus can 
be attributed to lower soil pH values resulting from nitrification of applied 
ammoniacal fertilizer. 
Relationship with Cmic 
Microbial biomass is the living component of soil organic matter through 
which nutrient cycling occurs by actions of soil enzymes. Measures of enzyme 
activities and microbial biomass thus can be used to estimate pool size of 
potentially available nutrients and rate of nutrient cycling. The relationship 
between phosphatases activities and Cmic are shown in Figs 1 and 2 for soils from 
the CWRC and NERC sites, respectively. Results indicated that, with the 
exception of phosphodiesterase activity in 1997, activities of phosphatases were 
significantly correlated with Cmic in soils from the NERC site in both years. This 
agrees with previous studies showing significant, positive correlation between 
the activities of a range of enzymes and Cmic (Chander et al., 1997; Deng et al., 
2000; Dodor and Tabatabai, 2002a, b, c). 
At the CWRC site, the relationship between Cmic and alkaline 
phosphatase activity or phosphodiesterase activity followed similar trends as 
those found in soils from the NERC site. On the contrary, activity of acid 
phosphatase was increased, but not significantly, with decreasing Cmic in both 
155 
years. This can be attributed to pH effect. Fungi are believed to be the main 
source of acid phosphatase in soils (Tabatabai, 1994), and their population 
increases with decreasing pH. Thus, the lower pH of the soils from the CWRC 
site favored activity acid phosphatase relative to the other two enzymes, while 
the opposite was true for Cmic. 
Specific activities of phosphatases 
The chemical nature of soil organic matter is an important parameter for 
characterizing ecosystem health. In this work, we calculated the specific 
activities of the three enzymes; i.e., expressing the activity of the individual 
enzyme per unit mass of organic C. The specific activity values of the 
phosphomonoesterases in soils from the two sites were similar, but those of 
phosphodiesterase of soils from the CWRC sites were somewhat lower than those 
of soils from the NERC site (Tables 3 and 4). This divergence in results of 
phosphodiesterase between the two sites could be due to the nature and origins 
of diester phosphate in soils, as has been recently demonstrated by Makarov et 
al. (2002). 
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Table 1: Effect of cropping systems on the activities of phophatases in 
soils at the CWRC site. 
Phosphatase activity* 
Crop N Acid Alkaline Phosphodiesterase 
rotation6 treatment 1996 1997 1996 1997 1996 1997 
kg ha'1 i i,-i mg p -mtropnenoi Kg n 
C-c-c-c 0 
180 
222 
356 
217 
343 
207 
195 
234 
290 
120 
76 
151 
105 
C sb c sb 0 
180 
230 
276 
197 
274 
264 
277 
210 
276 
163 
128 
128 
127 
c-Sb-c-sb 0 
180 
237 
244 
269 
232 
212 
207 
224 
241 
128 
131 
156 
194 
C-c-o-m 0 
180 
348 
369 
306 
359 
229 
268 
243 
316 
131 
110 
194 
113 
c Co m 0 
180 
251 
280 
284 
322 
209 
204 
200 
258 
170 
109 
152 
148 
c-c-O-m 0 
180 
380 
446 
325 
464 
221 
236 
272 
302 
96 
98 
99 
98 
c-c-o-M 0 
180 
277 
317 
291 
273 
252 
198 
212 
201 
144 
93 
99 
78 
C o m  m  0 
180 
337 
374 
314 
395 
219 
227 
289 
262 
88 
73 
128 
63 
c-O-m-m 0 
180 
313 
268 
295 
344 
220 
355 
249 
409 
113 
173 
138 
201 
c-o-M-m 0 
180 
280 
311 
265 
406 
301 
261 
300 
280 
163 
127 
261 
167 
c-o-m-M 0 
180 
298 
376 
255 
338 
245 
254 
215 
210 
147 
118 
90 
62 
LSD0 P<0.05 153 185 77 104 100 124 
LSDd P<0.05 153 158 124 87 124 148 
" Average of two field replicates. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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Table 2: Effect of cropping systems on the activities of phosphatases in 
soils at the NERC site. 
Phosphatase activity" 
Crop N Acid Alkaline Phosphodiesterase 
rotation treatment 1996 1997 1996 1997 1996 1997 
kg ha"1 i  i l  -1 i  -l  mg p •mtropnenol kg n 
C-c-c-c 0 188 218 183 159 153 132 
180 217 246 178 169 141 156 
C sb c sb 0 182 169 185 143 154 131 
180 186 189 193 153 136 134 
c-Sb-c-sb 0 203 170 180 202 166 158 
180 185 216 171 149 138 155 
C e o  m  0 - 320 - 214 - 163 
180 - 291 - 194 - 182 
c-C-o-m 0 165 235 212 202 172 187 
180 255 335 150 203 170 155 
c-c-O-m 0 198 278 176 200 167 181 
180 247 274 220 196 171 193 
c-c-o-M 0 287 - 201 - 214 -
180 285 - 201 - 170 -
Sb-sb-sb-sb 0 118 196 123 127 118 131 
LSDC P<0.05 79 30 29 56 34 37 
LSDdP<0.05 60 97 32 31 57 34 
a Average of three field replicates. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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Table 3: Effect of cropping systems on the specific activities of 
phosphatases in soils at the CWRC site. 
Specific activity" 
Crop 
rotation11 
N Acid Alkaline Phosphodiestera se 
treatment 1996 1997 1996 1997 1996 1997 
kg ha'1 g p -nitrophenol kg 1 organic C 
C-c-c-c 0 7.9 7.3 7.3 7.9 5.4 5.1 
180 10.1 9.6 5.6 8.1 3.0 2.9 
C-sb-c-sb 0 7.4 6.0 8.4 6.4 4.1 3.9 
180 9.3 8.5 9.4 8.6 4.3 4.0 
c-Sb-c-sb 0 7.7 7.8 6.9 6.5 5.1 4.5 
180 7.7 6.9 6.5 7.2 6.1 5.8 
C-c-o-m 0 11.8 9.8 7.8 7.8 6.6 6.2 
180 10.6 11.5 7.7 10.1 3.3 3.6 
c-C-o-m 0 7.8 8.4 6.5 5.9 4.7 4.5 
180 8.0 8.5 5.8 6.9 4.2 3.9 
c-c-O-m 0 11.5 9.1 6.7 7.6 3.0 2.8 
180 13.0 12.8 6.9 8.3 2.9 2.7 
c-c-o-M 0 7.2 7.1 6.6 5.2 2.6 2.4 
180 8.5 6.9 5.3 5.1 2.1 2.0 
C o-m m 0 9.5 8.7 6.2 8.0 3.6 3.5 
180 10.7 11.5 6.5 7.6 1.8 1.8 
c-O-m-m 0 9.1 8.4 6.4 7.0 4.0 3.9 
180 7.2 7.8 9.6 9.2 5.4 4.5 
c-o-M-m 0 9.3 8.7 10.0 9.8 8.6 8.6 
180 9.5 11.6 8.0 8.0 5.1 4.8 
c-o-m-M 0 7.9 6.5 6.5 5.5 2.4 2.3 
180 9.9 8.7 6.7 5.4 1.7 1.6 
LSDC P<0.05 4.9 5.9 3.1 4.1 3.6 4.4 
LSDd P<0.05 4.7 4.7 4.5 2.3 4.1 4.0 
* Average of two field replicates. 
b C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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Table 4: Effect of cropping systems on the specific activities of 
phosphatases in soils at the NERC site. 
Specific activity" 
Crop N Acid Alkaline Phosphodiesterase 
rotation treatment 1996 1997 1996 1997 1996 1997 
kg ha'1 g p -nitrophenol kg 1 organic C 
C-c-c-c 0 7.4 10.3 7.2 7.5 6.0 6.2 
180 9.6 10.9 7.9 7.5 6.2 6.9 
C-sb-c-sb 0 10.5 9.0 10.7 7.6 8.9 7.0 
180 10.5 9.7 10.9 7.8 7.7 6.9 
c-Sb-c-sb 0 10.2 7.9 9.1 9.4 8.4 7.4 
180 9.6 9.8 8.9 6.8 7.2 7.1 
C-c-o-m 0 - 14.1 - 9.4 - 7.2 
180 - 14.3 - 9.6 - 9.0 
c-C-o-m 0 7.7 10.9 9.9 9.4 8.0 8.6 
180 11.0 15.0 6.4 9.1 7.3 6.9 
c-c-O-m 0 9.0 12.2 8.0 8.8 7.6 8.0 
180 11.5 11.6 10.3 8.3 8.0 8.2 
c-c-o-M 0 11.3 - 7.9 - 8.4 -
180 12.3 - 8.7 - 7.3 -
Sb-sb-sb-sb 0 6.8 10.5 7.1 6.8 6.8 7.1 
LSDC P<0.05 2.4 4.3 1.5 2.5 1.7 1.8 
LSDd P<0.05 3.7 1.9 2.3 1.6 2.5 1.7 
" Average of three field replicates. 
b C = com, Sb = soybean, O = oats, M = meadow. Capital bold letter indicates 
crop in which samples were taken in 1996. In 1997, samples were taken 
in the crop following the capital bold letter. 
c Least significant difference due to crop rotation at 0 N. 
d Least significant difference due to crop rotation at 180 N. 
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CHAPTER 7 
ARYLAMIDASE ACTIVITY IN RELATION TO INDEXES OF NITROGEN 
MINERALIZATION IN SOILS 
A paper submitted to Communications in Soil Science and Plant Analysis 
Daniel E. Dodor, and MA. Tabatabai 
Abstract 
The enzyme arylamidase [EC 3.4.11.2] catalyzes the hydrolysis of N-
terminal amino acids from arylamides. Because it has been proposed that this 
enzyme may play a major role in N mineralization in soils, information on the 
relationship between N mineralization indexes and the activity of this enzyme is 
needed for a better understanding of the biochemistry of organic N 
mineralization in soils. Studies were carried out by using short-term laboratory 
incubations under anaerobic and aerobic conditions, and chemical hydrolysis of 
soil organic N to measure the N mineralization in a range of soils from six 
agroecological zones of the North Central region of the United States. The 
activity of the enzyme was assayed at standard conditions of pH and 
temperature. Results indicated that, with the exception of the results obtained 
with hot KCl-extractable N and incubation under aerobic conditions, the 
amounts of N mineralized were negatively correlated with pH of the soils, 
suggesting a pH-dependence of the buffers used. In general, the mineralization 
indexes were, however, not significantly correlated with pH of the soils. 
Analysis of variance showed that N mineralization differed in soils from the six 
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agroecological regions, with results of the various indexes of N mineralization 
significantly correlated with each other (r>0.66***). Total N and organic C 
contents of the soils were significantly correlated (r = 0.98***). With the 
exception of the results obtained with short-term aerobic incubation, the results 
of the various N mineralization indexes were significantly correlated with 
organic C (with r values > 0.65***) and with total N (with r values > 0.62***). In 
general, the percentages of total N mineralized were small (0.03 to 0.3%). The 
results obtained by using the N mineralization indexes were significantly 
correlated with the activity of arylamidase, with hot KCl-extractable N being the 
superior of the indexes tested (r = 0.56***). 
INTRODUCTION 
Majority of the total nitrogen (N) in soil is in organic combinations, a 
small part of which is mineralized to provide inorganic N (NH4* and NO3 ) for 
plant uptake. To improve N-use efficiency and lessen pollution of water 
resources due to excessive N use, mineralization of soil organic N must be taken 
into account in making fertilizer recommendations. Achieving this objective, 
however, requires development of a quick and reliable test for predicting N 
availability. The transformations of organic N in soils are brought about by soil 
microorganisms through the action of enzymes that are closely associated with 
the microbial biomass. Further, the nature of organic matter amenable to 
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mineralization, as well as the enzymes involved in the cycling process varies 
among soils. Thus, detailed knowledge of the mechanisms and biochemistry of N 
mineralization in relation to indicators of the process such as the enzymes 
involve are imperative for the development of chemical and biochemical methods 
for predicting N mineralization in soils. 
A large proportion (15-25%) of organic N in soil is believed to be present as 
amides associated with amino acids (1). A variety of amides are present in soils 
(2), the mineralization of which can contribute to N nutrition of plants. 
Arylamidase [EC 3.4.11.2] is the enzyme that catalyzes the hydrolysis of N-
terminal amino acid from arylamides as follows: 
Un
°
aC,d Ammonification by Nitrification 
Arylamidas*» Amino acid a™d°hydrolases: e.g., NOj. JL» N0]. + energy 
activity flUfly 
L-Asparaginase activity 
L-Aspartase activity 
The activity of this enzyme was recently detected in soils and a method 
developed for its assay (3). It has been suggested that this enzyme plays a major 
role in the initial reaction-limiting step in mineralization of organic N is soils (3). 
Studies have shown that the activity of arylamidase is significantly correlated 
with the amounts of N mineralized in 20 weeks of incubation at 30°C, and that it 
is affected by cropping systems, liming, tillage and residue management (4-6). 
Studies on substrate specificity of arylamidase in six Iowa surface soils have 
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shown that the means of the activities decreased in the following order of amino 
acid moieties of the substrate: alanine > leucine > serine > lysine > glycine > 
arginine > histidine (7). Because the amount and nature of organic N differ in 
soils, it is important that N mineralization be examined in diverse soil groups in 
relation to arylamidase activity. 
There are two major groups of methods (biological and chemical methods) 
used for determining organic N in soils available to plants (8). Biological 
methods simulate the microbial N mineralization under field conditions; 
chemical methods, which are faster and relatively simple, do not simulate actual 
field conditions. Attempts have been made to relate the amount of organic N 
mineralized by biological methods to those extracted by chemical means (9) as 
well as to plant uptake under greenhouse and field conditions (10, 11). Because 
N mineralization in soil is mediated by enzymes, evaluation of the factors 
affecting mineralization in contrasting cultivated soils in relation to soil enzyme 
activities is necessary for accurate prediction of plant available N. Therefore, it 
was hypothesized that any chemical index of N mineralization that correlates 
well with activities of the enzymes involved in the N cycling process probably is 
hydrolyzing similar bonds that are susceptible to mineralization. Few studies 
have related N mineralization indexes to activities of enzymes involved in the N 
mineralization process (12). However, the relationship between the activity of 
arylamidase and N mineralization indexes has not been investigated. Therefore, 
this study was designed to assess the relationship between selected biological 
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and chemical indexes of N mineralization and the activity of arylamidase in 
soils. 
MATERIALS AND METHODS 
Soils and their properties 
The 50 samples used in this study were surfaces soils (0-15 cm) taken 
from cultivated fields in agroecological zones in six states of the North Central 
region of the United States (Table 1). In the properties reported, pH was 
determined on air-dried samples by using a combination glass electrode in both 
water and 0.01 M CaClg solution (soil: solution ratio = 1:2.5). Organic C was 
determined on <180 pm samples by the Mebius method (13), total N by the 
Semimicro-Kjeldahl method (14), and inorganic N by a steam distillation method 
(15). 
Soil N availability indexes 
The biological indexes used were short-term aerobic and anaerobic 
incubations. In the aerobic incubation, the procedure described by Keeney and 
Bremner (16) was used. It involves determination of the inorganic N produced 
when 10 g of soil were mixed with 30 g of 30-60 mesh quartz sand, moistened 
with 6 ml of distilled water, and incubated under aerobic condition at 30°C for 14 
days. The inorganic N produced was extracted with 100 ml of 2 M KC1, and a 
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20-mL aliquot was used for determination of NH4+- N and NO3--N by steam 
distillation (15, 16). In the anaerobic incubation, the procedure described by 
Waring and Bremner, (17) was used. This method involves determination of the 
NH-i+-N produced when 5 g of soil (air-dried or field-moist soil, on an oven dried 
basis) was incubated in a test tube containing 12.5 mL of deionized water at 30°C 
for 14 days. At the end of the incubation period, the sample was treated with 12.5 
ml of 4 N KC1, and the amount of NH^-N produced was determined by steam 
distillation (15). 
The chemical indexes used were: (i) hot KC1-N, which involves 
determination of the NH4+-N produced on heating 4 g of field-moist soil (on an 
oven-dried basis) with 40 mL 2 M KC1 in a polypropylene tube with screw cap for 
20 h at 80°C (18); (ii) sodium borate N (SBN) method, which involves 
determination of the NHi^-N produced by steam distillation of 4 g of field-moist soil 
with 40 ml of 0.066 Af NagB^? lOHgO (pH = 11.5) for 4 and 8 min, and (iii) 
phosphate-borate N (PBN) method, which involves determination of NH4+-N 
produced by steam distilling of 4 g of field-moist soil with 40 ml of 0.26 M 
NasPOj I2H2O + 0.066 M NazB^? IOH2O (pH = 11.2) for 4 and 8 min (9). 
Assay of arylamidase activity 
Arylamidase activity was assayed by the method developed by Acosta-
Martinez and Tabatabai (3). It involves quantitative extraction and colorimetric 
determination of the P-naphthylamine produced when 1 g soil is incubated with 
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3 mL of 0.1 mM THAM [tris (hydroximethyl) aminomethane] buffer (pH 8.0) and 
1 mL of 8.0 mM L-leucine P-napthylamide hydrochloride at 37°C for 1 h. The 
extracted p-naphthylamine is converted to an azo compound by reacting with p-
dimethylaminocinnamaldehyde, and the absorbance measured at 540nm. 
Controls were included, but the substrate was added after incubation and 
termination of the enzyme reaction. All results reported are average of duplicate 
assays on field-moist soils and are expressed on a moisture-free basis. Moisture 
was determined from loss in weight after drying at 105°C for 48 h. 
RESULTS AND DISCUSSION 
Soil Properties and Their Relation to N Mineralization Indexes 
A summary of selected chemical properties of the soils used is shown in 
Table 1. The groupings are based on state, with site identification nested within 
state. In general, the chemical properties varied widely from state to state, 
providing useful data for examining the relationships between N mineralization 
indexes and chemical parameters of the soils. This variation in chemical 
properties reflects the varied nature of organic matter quality in the soils, a 
condition necessary for accurate prediction of N mineralization in soils. The 
amounts of N mineralized by the various procedures are shown in Tables 2 and 3. 
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The soil pH values were lowest in the soils from Kansas (KS982) and 
Nebraska (NE986), with mean values of 4.7. The soils from Michigan (MI981, 
MI982) showed the highest pH range, with means of 6.6 and 6.7, respectively. 
With exception of hot KC1-N and aerobic incubation, the other mineralization 
indexes were negatively correlated with pH, suggesting pH dependence. This 
inverse relationship between pH and NH4+-N hydrolysis from soil organic matter 
can be attributed to a change in pH during incubation or to the SB and PB buffers 
used. During the hydrolysis, the soil's pH will be increased to that of the buffer, 
resulting in increased solubilization of organic matter (19). The amount of NH4+-N 
released depends on the magnitude of the difference between soil pH and buffer 
pH. Because most of the soils had pH values of < 5.5, resulting in a relatively 
greater difference between soil pH and pH of the buffer used hydrolysis of more 
NH.i+-N was achieved. Conversely, hot KC1 extraction is unbuffered, with pH of 
the suspension being close to the initial pH of the soil. Working with 61 soils from 
different agroecological zones of Saskatchewan, Curtin et al. (20) showed that the 
PB buffer test for mineralizable N was pH dependent, whereas the hot-KCl 
extraction test was not. 
Results suggest that the amount of NHt+-N released with hot KC1 reflects 
organic matter hydrolysis under actual field pH, probably explaining the reported 
superiority of the hot KC1 as a predictor of N mineralization potential (20, 21). 
Because the soils used in the present study are from varied locations with varied 
mineralogy, our results confirm the pH-independence of the hot KC1-N test. The 
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response pattern under anaerobic and aerobic incubation is dependent on the 
initial pH of the soil. In this regard, pH of acid soils will increase under anaerobic 
conditions, while pH of alkaline soil will decrease (22). Because most of the soils 
studied had pH values < 5.5, the increased in pH under anaerobic conditions 
probably favored N mineralization, and vice versa. 
When all the soils were pooled together, results of analysis of variance 
indicated that the amounts of N mineralized in soils from the six agroecological 
regions were not affected by pH. This suggests similar response pattern in N 
mineralization measured by the various indexes in the soils studied. Except the 
amounts of N mineralized under aerobic incubation and those hydrolyzed by PB 
buffer, all the mineralization indexes were, however, not significantly correlated 
with pH (Table 4). These results confirm those of Tabatabai and Al-Khafaji (23), 
who found no significant relationship between accumulative N mineralized and pH 
values of Iowa surface soils ranging from 4.6 and 7.7. Similarly, Simard and 
N'dayegamiye (24) reported a weak correlation between potential N mineralization 
and pH of 20 meadow soils from Quebec, Canada. 
Total N contents were greatest in the Minnesota soils (mean 2.3 mg kg-1 
soil), and least in the Kansas soils (mean 1.1 mg kg-1 soil, Table 1). The content of 
organic C followed a trend similar to that of total N, with means of 29.2 and 12.5 
mg kg-1 in the soils from Minnesota and Kansas, respectively. In general, the soils 
from Kansas were sandy, thus stabilizing less organic C and having low total N. 
Regression analysis showed that total N and organic C were significantly 
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correlated (r = 0.98***, Table 4). The significant correlation between organic C and 
total N is consistent with previously reported results for soils from other regions 
(24, 25). In general, the amounts of N mineralized, as measured by the 
mineralization indexes were, significantly correlated with total N (r > 0.62***) and 
organic C (r > 0.65***, Table 4). Similarly, a positive relationship between N 
mineralization and total N or organic C contents has been reported by Simard and 
N'dayegamiye (24). On the contrary, Groot and Houba (26) reported a poor 
correlation between N mineralization rates and soil organic C or N contents. 
The percentage of the total N mineralized, as indicated by the 
mineralization indexes, was very low, ranging from 0.03 to 0.3%. Mineralizable 
soil organic N consists of easily decomposable pools such as dead microbial 
biomass, which contributes about 35-75% of the initial N mineralization in 
agricultural soils (27). Short-term mineralization studies quantify only immediate 
mineralizable N. The extent of N mineralization in the long run, however, depends 
on the size of the stable soil N pool. Therefore, a relationship between total soil N 
and amounts of N mineralized, expressed as a percentage of the total N, depends 
on the chemical nature of the stable N pool. When the amount of N mineralized as 
percent of total N was related to the total N, the relationship were found to be 
negative. This suggests that soils with higher proportions of labile N contain lower 
amounts of total N. 
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Relationships between N mineralization indexes 
Analysis of variance indicated that the amounts of N mineralized, as 
measured by the various indexes, were significantly different from state to state. 
The difference in mineralization may be due to differences in quality of organic 
matter associated with various residues returned to the soil, root turnover, and 
differences in microbial biomass pools, which are related to climatic conditions. 
The pattern of mineralization followed the same trend in the various states, with 
the highest mineralization in PB buffer and the least in hot KCl. This trend 
reflects the strengths of the various reagents used in releasing NH4+-N from soil 
organic matter, with PB buffer hydrolyzing more organic N due to the large 
difference in the initial pH of the soils and the buffer, as explained earlier. The 
magnitudes of the N mineralized by the biological methods were between the two 
extreme chemical methods, i.e, hot KCl and PB buffer. However, the amount of N 
mineralized under aerobic incubation was weakly correlated with only that under 
anaerobic incubation (dry soil). The other indexes were positively correlated with 
each other (r > 0.31*, Table 4). 
Nitrogen mineralization in relation to arylamidase activity 
The relationships between the activity of arylamidase and amounts of N 
mineralized by the different methods evaluated are shown in Fig. 1. Results 
indicated that, with the exception of anaerobic incubation method using moist 
soils, N mineralization indexes were correlated significantly with the activity of 
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arylamidase. This suggests that arylamidase is involved in N mineralization in 
soils. Through the action of extracellular enzymes such as arylamidase, organic N 
is mineralized releasing NH^-N. The activity of arylamidase results in production 
of amino acids, which can be hydrolyzed by specific enzymes such as amidases, 
asparagines, or glutaminase. The results of the present study agree with those of 
other authors who reported a positive correlation between N mineralization and 
protease activity in soils (28). 
Linear regression analysis showed that arylamidase activity was 
significantly correlated with organic C (r = 0.49***) and with organic N (r = 
0.55***). It is interesting that the correlation between arylamidase activity and 
hot KC1-N was superior among all the indexes evaluated. Although plant uptake 
of mineralized N was not evaluated in this study, other research has shown a 
positive correlation between hot KCl extractable N and plant N uptake (10). 
Further, because the role of soil enzymes in nutrient cycling is well established 
(29), results of this present study suggest that hot KC1-N is superior in predicting 
mineralizable N compared with PB buffer. This assertion agrees with other 
research (20, 21) showing that the hot KC1-N method is a better predictor of N 
uptake than is the PBN method. 
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Table 1. Selected chemical properties and arylamidase activity of the soils used 
State Site id Soil series 
No. of 
soils 
pH Total N Organic C Arylamidase 
Activity" 
range mean range mean range mean range mean 
g kg 1 soil • 
IL IL981 Raub 4 5.7-6.4 6.0 1.4-1.5 1.48 11.9-24.0 18.7 20.2-28.8 25.4 
KS KS981 Crete 7 5.3-6.3 5.9 1.0-1.2 1.08 11.7-15.6 13.3 27.4-42.5 34.6 
KS KS982 Pratt 6 4.6-4.9 4.7 0.6-1.0 0.75 3.7-12.5 8.8 12.9-17.8 15.1 
KS KS983 Pratt 5 5.1-5.2 5.2 1.1-1.6 1.38 12.8-18.0 15.5 23.7-33.5 27.0 
MI MI981 Capac 2 6.1-7.0 6.6 1.9-2.0 1.94 20.2-23.7 22.0 35.7-47.1 41.4 
MI MI982 Capac 4 6.1-6.9 6.7 1.6-2.1 1.86 20.2-23.7 21.8 31.6-54.1 41.3 
MN MNW982 Nicollet 3 5.2-5.4 5.3 1.5-2.6 1.99 26.5-29.5 28.3 28.3-34.7 32.1 
MN MNW983 Nicollet 4 5.3-5.4 5.3 2.5-2.7 2.60 28.2-30.7 29.8 32.1-50.5 38.1 
MO M0981 Mexico 4 6.2-6.8 6.5 1.4-1.6 1.50 14.9-16.6 15.6 32.2-48.0 41.9 
NE NE982 Sharpsburg 4 5.3-5.5 5.4 1.5-1.6 1.59 16.8-17.6 17.2 27.0-37.5 31.1 
NE NE983 Othello 1 - 6.8 - 1.10 - 8.9 - 11.9 
NE NE984 Hasings 4 5.3-5.6 5.4 1.4-1.5 1.43 16.1-16.6 16.2 27.1-31.8 29.3 
NE NE986 Othello 2 4.7-4.8 4.7 0.6-0.7 0.68 7.6-8.3 8.0 8.7-36.9 22.9 
"mg P-Naphthylamine kg 1  soil h 1  
Table 2. Nitrogen mineralization indexes 
No. of PQ4-B407 distillable-N Na2B4Q7 distillable-N 
Soil soils 4 min 8 min 4 min 8 min 
State Site id series range mean range mean range mean range mean 
» .i-l mg kg soil 
IL IL981 Raub 4 12.1-18.9 17.0 36.7-41-0 38.2 8.7-10.3 9.4 20.5-22.7 21.2 
KS KS981 Crete 7 13.2-24.3 20.8 27.0-42.8 37.6 5.7-9.7 8.0 15.2-21.1 18.6 
KS KS982 Pratt 6 12.4-18.0 14.4 21.9-27.8 24.7 5.7-7.5 6.5 13.8-15.4 14.9 
KS KS983 Pratt 5 13.8-26.8 21.7 26.0-46.8 37.9 6.1-13.0 9.6 16.2-24.9 20.4 
MI MI981 Capac 2 24.7-26.2 25.5 44.4-49.5 47.0 7.3-10.7 9.0 17.2-23.1 20.2 
MI MI982 Capac 4 19.9-26.2 22.8 39.5-48.1 43.5 7.9-9.9 8.9 18.3-20.7 19.5 
MN MNW982 Nicollet 3 43.6-49.9 47.1 73.4-79.1 77.1 13.0-15.6 14.6 29.0-32.9 31.4 
MN MNW983 Nicollet 4 45.4-56.2 51.7 76.7-89.8 83.3 14.8-19.3 16.8 30.8-36.7 34.0 
MO M0981 Mexico 4 30.4-35.7 33.0 54.4-61.2 57.3 11.0-14.0 12.5 24.9-28.2 26.6 
NE NE982 Sharpsburg 4 27.8-34.3 31.5 54.8-61.2 57.3 8.7-13.8 11.9 24.1-27.4 26.1 
NE NE983 Othello 1 - 11.2 - 25.1 - 4.3 - 12.6 
NE NE984 Hasings 4 28.4-36.5 31.3 50.3-58.4 53.3 10.7-11.4 11.1 23.3-23.7 23.5 
NE NE986 Othello 2 7.7-10.3 9.0 18.7-19.7 19.2 4.3-5.9 5.1 11.4-14.0 12.7 
Table 3. Nitrogen mineralization indexes contd 
No. of Anaerobic incubation Aerobic Hot KCl 
Soil soils Field moist soil Air-dried soil incubation extractable-N 
State Site id series range mean range mean range mean range mean 
mg kg soil 
IL IL981 Raub 4 6.5-11.0 9.0 24.0-28.6 27.1 20.9-27.3 23.0 27.9-27.3 12.2 
KS KS981 Crete 7 7.8-10.1 8.9 30.0-39.7 34.3 24.2-44.0 30.8 4.7-8.9 6.0 
KS KS982 Pratt 6 6.5-11.8 8.6 15.1-26.8 22.1 17.4-21.6 19.3 3.9-5.5 4.5 
KS KS983 Pratt 5 9.2-11.0 10.0 33.9-49.5 40.7 22.3-29.9 26.0 4.7-10.1 7.3 
MI MI981 Capac 2 6.3-7.3 6.8 29.2-38.3 33.8 24.0-30.6 27.3 10.3-10.5 10.4 
MI MI982 Capac 4 7.1-7.9 7.7 33.7-43.5 38.8 24.2-30.6 27.4 9.1-11.0 10.5 
MN MNW982 Nicollet 3 14.3-16.1 15.4 67.2-81.6 74.3 21.9-25.2 23.4 10.3-12.6 11.4 
MN MNW983 Nicollet 4 16.4-20.1 18.3 71.4-84.5 77.5 30.7-38.9 34.3 11.6-14.4 13.0 
MO M0981 Mexico 4 7.9-9.2 8.6 34.6-44.1 39.2 32.9-40.0 35.5 11.6-13.6 12.8 
NE NE982 Sharpsburg 4 12.3-13.6 12.9 52.4-65.2 57.4 28.5-32.0 30.3 5.1-8.9 7.0 
NE NE983 Othello 1 - 8.9 - 28.2 - 28.7 - 4.1 
NE NE984 Hasings 4 10.2-12.8 11.1 44.3-48.3 46.4 30.3-40.2 36.5 8.1-9.5 8.6 
NE NE986 Othello 2 6.3-6.7 6.5 19.3-19.8 19.6 18.9-19.8 19.4 2.6-2.8 2.7 
Table 4. Correlation between indices of N mineralization and some soil properties 
N index" P2 P5 P6 P7 P8 P10 OC TN pH 
P2 1.00 
P5 0.42* 1.00 
P6 0.84*** 0.26"' 1.00 
P7 0.93*** 0.32* 0.91*** 1.00 
P8 0.56*** 0.25"' 0.31* 0.33* 1.00 
P10 0.95*** 0.43* 0.83*** 0.88*** 0.62*** 1.00 
OC 0.78*** 0.05"" 0.71*** 0.75*** 0.65*** 0.76*** 1.00 
TN 0.80*** 0.25"" 0.68*** 0.75*** 0.62*** 0.76*** 0.88*** 1.00 
PH 0.21"" 0.12"" -0.51*** -0.38* 0.29"" -0.27"" 0.12"" 0.04"" 1.00 
# P2, Phosphate borate N; P5, Aerobic incubation; P6, Anaerobic incubation (field moist soil); 
P7, Anaerobic incubation (air-dried soil); P8, Hot KCl N; P10, Sodium-borate buffer N. 
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CHAPTERS 
ALKALINE HYDROLYSIS OF ORGANIC NITROGEN IN SOILS 
A paper to be submitted to Soil Science 
Daniel E. Dodor, and M.A. Tabatabai 
Abstract 
An alkaline hydrolysis method for assessing potentially hydrolyzable 
organic nitrogen (N) in soils is described. It involves determination of the NHi+-
N produced by direct steam distillation of 1 g field-moist soils and 1M KOH, 
NaOH, LiOH or PO4-B3O7 buffer (pH 11.8). The amount of NH4+-N released was 
trapped in boric acid and the concentration determined successively every 5 min 
for a total of 40 min. The cumulative amounts of N hydrolyzed followed an 
exponential trend that could be fitted to either hyperbolic or first-order 
equations. The kinetic parameters of the hyperbolic equation, Nmax (maximum 
hydrolysable N) and Kt (time required for one-half Nmax to hydrolyze) were 
determined by linear regression of the transformed data. First order equation 
was used to determine No (potentially hydrolyzable N), k (hydrolysis rate 
constant), and ti/2 (time required to hydrolyze 1/2 No) by the non-linear least 
square method. 
For each soil and reagent, the Nmax and No values obtained by the four 
types of transformations were similar. The Nmax and No values differed 
significantly among soils, suggesting differences in the chemical nature or 
reactivity of organic N in the soils. In general, Nmax and No values ranged from 
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401 to 1667 mg kg-1 soil, and accounted for 12-56% of total organic N in the soils. 
The Kt values ranged between 15 and 30 min. Among the reagents tested, KOH 
and NaOH showed the best promise for estimating the total hydrolyzable 
organic N pool in soils. The Nmax and No values obtained for hydrolysis of 
organic N with KOH and NaOH were significantly correlated with amounts of N 
mineralized in two weeks under aerobic and anaerobic conditions at 30°C, N 
released by 2 M KCl extraction at 80°C for 20 h, and the initial NH*+ present in 
the soils. The Nmax and No values were also significantly correlated with 
activities of four amidohydrolases and arylamidase. The method offers a quick 
and precise means of assessing the total potentially mineralizable N pool in 
soils. 
Key words: Nitrogen mineralization index, organic nitrogen, alkaline 
hydrolysis, soil enzyme activities, amidohydrolases, arylamidase. 
INTRODUCTION 
The use of extractable organic matter as index of N availability has long 
been recognized, and considerable effort has been expended to find specific 
component that correlates with N mineralization and plant uptake in the field. 
Stanford (1968) reported that soils contain appreciable amount of organic N (23-
66%) extractable with boiling aqueous solution of 0.01 M CaCla or 0.5 M Na-
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pyrophosphate, and that the amount of distillable N in the extracts correlated 
highly with the capacities of soils to mineralize N under anaerobic incubation 
conditions. A similar relationship was found for the NaOH distillable fraction 
obtained by autoclaving soils in 0.01 M CaClg at 121°C for 16 h (Stanford and 
DeMar, 1969). Using a trial-and error procedure, Stanford (1969) derived a rate 
expression describing the distillable organic fractions in the 0.1 M CaCk extract. 
However, the above results also suggested that the chemical nature (i.e., 
reactivity) of the source of distillable N derived by autoclaving did not differ 
among soils, as such, the utility of the derived reaction rate constants in defining 
soil N availability can not be made. Besides, the method is too complicated for 
use in soil testing laboratories, as it requires two extractions to remove NH.t+-N 
present in the soil sample before autoclaving, and one to extract the NH^-N 
present after autoclaving. Recently, Khan et al. (2001) reported that amino 
sugar N in soil hydrolysates could be used to discriminate among sites that are 
responsive from those non responsive to N fertilization, but this method is 
complicated in that it requires hydrolyzing the soil organic N before analysis for 
amino sugars. 
Modelings of N mineralization kinetics in soils usually involve prediction 
of an active fraction of total organic N and a rate constant to describe the rate of 
mineralization. Parameters for a simple functional approach have been obtained 
from long-term laboratory incubation studies (Stanford and Smith, 1972; Deng 
and Tabatabai, 2000). Net N mineralization under such conditions was observed 
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to follow first-order kinetics (Stanford and Smith, 1972), and is approximated by 
the equation: 
dN/dt = -kN, (1) 
where, N is the concentration of mineralizable N, k is the rate constant, and t is 
time. Integrating this equation between to and t yields: 
Nt = N0exp(-kt), (2) 
where, No is the initial amount of substrate or the potentially mineralizable N, 
and Nt is the amount of substrate at time t. The equation may be modified by 
substituting Nt = (N0-N,n), where, Nm is the N mineralized in time t, as follows: 
Nm — No [1 — exp(-Asf)]. (3) 
Because the quantities Nm and t in this equation can be experimentally 
determined, No and k are estimated by fitting an equation of the form shown 
above to a series of observations of Nm and t by an iteration procedure. 
Empirically determined polynomials and parabolic functions have also 
been proposed to describe N mineralization in soils (Broadbent, 1986; Marion 
and Black, 1987). Although these empirically determined equations provide a 
better fit to the data compared to first-order models, no physical meaning has 
been attached to the regression coefficients. Few attempts have been made to 
establish linkages between the model pool definitions and measurable quantities 
either by devising advanced laboratory fractionation procedures to match 
measurable organic matter fractions with pool model definitions, or by revising 
model pool definitions to coincide with measurable quantities (Christensen, 
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1996). To date, an integrated knowledge of the adequacy of these parameters in 
relation to the different biological and chemical indexes for predicting total 
mineralizable soil N pool is lacking. 
The rate of alkaline hydrolysis of soil organic N over time may be 
described by a rectangular hyperbola in the form of the Michaelis-Menten 
equation for describing enzyme kinetics (Michaelis and Menten, 1913). The 
amount of maximum hydrolysis (Nmax) would be the total pool of organic N that 
can be hydrolyzed by chemical, biochemical or biological means. A mathematical 
expression can be used to describe the rate equation for the effect of time of 
distillation on the cumulative amount of organic N hydrolyzed. 
Ne ~ Nmax (t)/ [Kt + t], (4) 
where, Nc would be the cumulative N hydrolyzed at time t, Kt the time required 
to hydrolyzed one-half of Nmax. To define the structure of this kinetically derived 
parameters, it is important to relate them to other biological and chemical 
indexes of N mineralization, as well as other biochemical processes such as 
activities of enzymes involved in hydrolysis of soil organic N. This would assist 
in advancing knowledge on the nature of soil organic N and chemical index of 
the total pool size of the active N in soils. 
Soil microbes are the engines of organic N transformation in soils. 
Therefore, the usefulness of any chemical index of N availability depends on the 
degree to which it correlates with biological activities. Information on the rate of 
release and pool size of mineralizable N in relation to activities of enzymes 
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involved in N mineralization process in soils is lacking. This is needed for better 
assessment of N fertilizer needs of crops. The criteria for choosing enzyme 
assays to achieve this objective should be based on their relevance to N the cycle. 
The amidohydrolases (amidase, asparaginase, aspartase, and glutaminase) and 
arylamidase play important roles in releasing inorganic N from soil organic N 
and are suitable for this purpose. 
Therefore, the objectives of this study were, (1) to assess an alkaline 
hydrolysis procedure for estimating the potentially hydrolyzable N in soils, (2) to 
determine the rate and kinetic parameters of the results obtained under 
objective (1), (3) to study the relationships among the parameters obtained under 
objective (2) and selected chemical and biological indexes of N mineralization, 
and (4) to assess the relationship between the results obtained under objective 
(2) and activities of selected enzymes involve in hydrolysis of organic N in soils. 
MATERIALS AND METHODS 
Soils and their properties 
The 13 soils used in this study are surfaces soils (0-15 cm) sampled from 
uncultivated fields in Iowa. The samples were mixed and screened to pass a 2-
mm sieve and stored in double plastic bags at 4°C when not in use. Soil pH was 
determined on air-dried samples by using a combination glass electrode in both 
water and 0.01 M CaClg solution (soil: solution ratio = 1:2.5). Total C and N 
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were determined on < 180 pm air-dried samples by dry combustion (LECO CHN 
analyzer, St Joseph, MI) and inorganic N by the steam distillation method 
(Mulvaney, 1996). Organic N was calculated from the difference between total N 
and inorganic N (sum of NH^-N and NOa -N) values. Microbial biomass C (Cmic) 
was determined by the chloroform-fumigation-extraction method described by 
Vance et al. (1987), and microbial biomass N (Nmic) by the chloroform-fumigation-
incubation method (Horwath and Paul, 1994). Particles size distribution was 
determined by a pipette method (Kilmar and Alexander, 1949). 
Soil N availability indexes 
Nitrogen availability indexes were measured using both chemical and 
biological methods. The first chemical method (hereafter refered to as HKN) 
involves determination of the NH4+-N produced by heating field-moist soil and 40 
mL of 2 M KC1 in a polypropylene tube with screw cap for 20 h at 80°C (0ien and 
Selmer-Olsen, 1980). The second method [hereafter refer to as sodium borate N 
(SBN)1 involves determination of the NH4+-N produced by steam distilling field-
moist soil with 40 mL of 0.066 M NagB^? lOHgO (pH = 11.5) for 4 and 8 win 
(Gianello and Bremner, 1986). The third chemical method [hereafter refer to as 
phosphate-borate N (PBN)] involves determination of NH4+-N produced by steam 
distilling field-moist soil with 40 mL of 0.26 M NaaPOj I2H2O + 0.066 M 
NazB^? IOH2O (pH = 11.2) for 4 and 8 min (Gianello and Bremner, 1986). In all 
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procedures, 4 g of field moist soil on oven-dried basis was used, and the NH4+-N 
produced was determined by steam distillation (Mulvaney 1996). 
The biological methods of N availability indexes used were short-term 
aerobic and anaerobic incubations. In the aerobic incubation, the procedure 
described by Keeney and Bremner (1967) was used. It involves determination of 
the inorganic N produced when 10 g of soil was mixed with 30 g of 30-60 mesh 
quartz sand, moistened with 6 ml of distilled water, and incubated under aerobic 
condition at 30°C for 14 days. The inorganic N produced was extracted with 100 
mL of 2 M KC1 and a 20 mL aliquot distilled with MgO and Devarda's alloy to 
determine the amount of (NH<+ + NO; + NOa )-N produced. The procedure 
described by Waring and Bremner (1964) was used for the anaerobic incubation. 
To a test tube containing 12.5 ml of distilled water, 5 g soil (air dried or field moist 
on oven dried basis) was added and incubated at 30°C for 14 days. At the end of 
the incubation period, 12.5 ml of 4 N KCI was added and the amount of NH4+-N 
produced was distilled with MgO. 
All results reported are averages of duplicate analyses, with the initial 
NH4+-N present in the soils subtracted. The initial NH4+-N was determined by 
steam distilling 5 g field-moist soil (on oven dried basis) in 20 mL of 2 M KCI with 
MgO for 4 min. Moisture was determined from weight loss after drying at 105°C 
for 48 h. 
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Assay of arylamidase activity 
Arylamidase activity was assayed by the method developed by Acosta-
Martinez and Tabatabai (2000a). It involves quantitative extraction and 
colorimetric determination of the P-naphthylamine produced when 1 g of soil is 
incubated with 3 ml of O.lmM THAM [tris (hydroximethyl) aminomethane] 
buffer (pH 8.0) and 1 ml of 8.0 mM L-leucine p-naphthylamide hydrochloride at 
37°C for lh. The extracted P-naphthylamine is converted to an azo compound by 
reacting with p-dimethylaminocinnam aldehyde, and the absorbance measured 
at 540 nm. Controls were included, but the substrate was added after 
incubation and termination of the enzyme reaction. All results reported are 
averages of duplicate assays on field-moist soils and are expressed on a 
moisture-free basis. 
Assay of activities of amidohydrolases 
The assay methods for the amidohydrolases are described by Tabatabai 
(1994) and Senwo and Tabatabai (1996). The methods are based on 
determination of NH4+-N released when soil is incubated with THAM buffer, L-
asparagine, L-glutamine, formamide, or L-aspartic acid and toluene at 37°C for 2 
h (asparaginase, glutaminase, and amidase) or 24 h (aspartase). The NH4+-N 
released was determined by treating the incubated soil sample with 2 M KCI 
containing AgaS04 (to stop enzyme activity) and steam distillation of an aliquot 
of the resulting soil suspension with MgO for 4 min. The activities of the 
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enzymes were assayed on < 2 mm field-moist samples at the optimal pH values 
in duplicates and one control, and are expressed on a moisture-free basis. 
Alkaline hydrolysis of organic N 
One-gram of field-moist soil (on oven-dried basis) was placed in a 200-mL 
distillation flask and treated with 20 mL of alkaline reagent (1 M NaOH, 1M 
KOH, 1M LiOH, or PO4-B4O7 buffer, pH 11.8). The flask was connected to a 
distillation apparatus and the distillate collected in 5 mL of H3BO7. with the 
H3BO7 changed every 5 min for a total of 40 min. The NH4+-N in the distillate 
was determined by titration with 0.005 M H2SO4. The initial NH4+-N present 
was subtracted from result of the 5 min of distillation. 
Nitrogen mineralization models 
The cumulative amounts of N hydrolyzed with time was plotted according 
to the Lineweaver-Burk linearization of equation (4) (Lineweaver-Burk, 1934): 
1 = 1 + Kt 1 . (5) 
Nc Nmax Nmax t 
where, Nc is cumulative N hydrolyzed (mg kg*1 soil) in time t (min), Kt is the 
time required to hydrolyze a quantity of N equals to one-half the maximum 
hydrolysable N, Nmax (mg kg-1 soil). A plot of 1 /Nc vs. 1 It yield an intercept = 
VNmax and a slope = Kt/Nmax from which the values for Nmax and Kt were 
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estimated. The Hanes-Woolf linearization was derived by multiplying both sides 
of equation (5) by t (Hanes, 1937): 
t = Kt + 1 t . (6) 
Nc Nmax Nmax 
A plot of t/Nc vs. t yield an intercept = KJNmax and a slope = 1 INmax. Cross-
multiplying equation (4), rearranging, and dividing by Kt yield Eadie-Hofstee 
linearization (Eadie, 1942, 1952; Hofstee, 1952): 
Nc = Nmax - Kt JNL. . (7) 
t 
A plot of Nc vs. Nc/t yield an intercept = Nmax and a slope = - Kt. 
The exponential equation proposed by Stanford and Smith (1972) was also 
used to estimate potential hydrolyzable N (No) and the hydrolysis rate constant 
(k) according to first-order kinetics: 
Nm — No [1 — 6Xp(-Àî£)]. (8) 
The Marquardt option of NLIN, a non-linear curve-fitting procedure (SAS 
Institute, 1996) was used to estimate No and k. The time required to hydrolyze 
50% of the No was calculated as: 
<1/2 = In2Jk. (9) 
Statistical analysis 
The models were assessed with respect to precision of parameter 
estimates and fit to the experimental data as indicated by the residual mean 
198 
squares. The statistical significance of the differences in residual between any 
two models was assessed by an F test. The general linear model procedure in 
SAS (SAS Institute, 1996) was used for analysis of variance and means 
separation of the parameters by least significant difference. Simple linear 
regression analysis was used to quantify the relationships between model 
parameters and the amounts of N mineralized, and the activities of the 
amidohydrolases and arylamidase. 
RESULTS AND DISCUSSION 
Soil chemical and biochemical properties 
Selected chemical and biochemical properties of the soils used are shown 
in Table 1. In general, the soils varied in all measured properties, providing a 
useful data in terms of the concentrations of organic N for evaluating the 
relationship between N mineralization and soil chemical properties. The pH 
values (in water) ranged between 5.0 and 8.0 (mean = 7.0), with most of the soils 
having pH values > 5.8. This range of pH values suggests that N mineralization 
will not be limited by soil reactions. The percentage of the total N present as 
inorganic N (NHV-N and NOa -N) was low (< 1%) in all soils, with most of the 
inorganic N occurring as NO3 Organic N contents of the soils ranged from 1.9 
to 3.8 g kg-1 soil, and total C contents from 20.8 to 53.9 g kg-1 soil. Regression 
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analysis indicated that the contents of organic C and N were not significantly 
correlated. 
The activity of glutaminase was the dominant of the five enzymes studied, 
followed by amidase, aspartase, asparaginase, and arylamidase (Table 2). 
Similarly, Acosta-Martinez and Tabatabai (2000b) found greater activity of 
glutaminase in limed agricultural soils. This trend in the activities of the 
amidohydrolases supports the finding of Sowden (1958), who reported that most 
of the NH4+ released from organic matter hydrolysis was from amides. The 
activities of amidohydrolases and arylamidase were not significantly correlated 
with total C contents of the soils. 
Chemical and biological indexes of N mineralization 
The amounts of N mineralized, as indicated by the various mineralization 
indexes, are shown in Table 3. The percentages of organic N mineralized were 
very small (< 1%), and all the indexes of N availability evaluated were neither 
significantly correlated with organic C nor with organic N contents of the soils. 
This finding contradicts the reported close correlation between N mineralization 
and total N and organic C of soils from Saskatchewan and Iowa (Simard and 
N'dayegamiye, 1993; Dodor and Tabatabai, 2002c), but agrees with the results of 
Groot and Houba (1995) who reported poor correlation between N mineralization 
rates and soils organic matter and N contents. Among the chemical indexes, 
PBN hydrolyzed the greatest N, followed by HKN. This trend reflects the degree 
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of strength of the reagents in hydrolyzing the -NHg bonds, with PEN 
hydrolyzing more organic N due to the large difference between the initial soil 
pH and that of the buffer used. In general, the chemical indexes of N 
mineralization were positively correlated, with HKN being significantly 
correlated with both PEN and SEN (r = 0.55* and 0.71**, respectively, Table 4). 
The amounts of N mineralized under anaerobic condition when air dried 
soils were used were six times greater than those mineralized when field-moist 
soils were used (Table 3). Air drying has been shown to increase the amount of 
mineral N produced compared with field-moist soils and this increase was 
positively correlated with the length of time the air-dried sample was stored 
prior to incubation (Keeney and Bremner, 1967; Stanford and Legg, 1968; 
Cabrera, 1993). The increase in N mineralization can be attributed to the rapid 
change in soil water potential associated with rewetting, causing microbes to 
undergo osmotic shock, and thus induce microbial cell lysis (Van Gestel et al., 
1992) or release of intracellular solutes (Halverson et al., 2000). The remaining 
microbes mineralize these labile N substrates, yielding a pulse of N. 
Alternatively, drying and rewetting may cause disruption of soil aggregates, 
releasing hitherto protected and unavailable soluble substrates from microbial 
biomass for rapid mineralization by the microbial community (Kieffc et al., 1987; 
Lundquist et al., 1999). 
Contrary to our previous results with 50 surface soils from the North 
central region of the United States (Dodor and Tabatabai, 2002c), greater 
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amounts of N were mineralized under anaerobic incubation conditions when air-
dried soils were used than those obtained with selected chemical indexes (Table 
3). This difference in pattern of N mineralization is probably due to the 
differences in the nature and quantity of organic matter present, as well as soil 
texture, climate and possibly management history. The soils used in the present 
study had greater organic C contents, sampled from uncultivated fields, whereas 
those used by Dodor and Tabatabai (2002c) were from cultivated fields with low 
organic C contents. The results of these two studies suggest that there is 
variation in the pattern of the impact of air-drying and rewetting cycle on N 
mineralization in soils. 
Evaluations of chemical indexes of N availability are normally based on 
the relative degree of correlation with biological methods. Correlation between 
the N extractable by the three chemical methods and the two biological indexes 
evaluated in this study showed that HKN was best correlated with the biological 
methods (Table 4). The HKN was also correlated with the initial inorganic N 
present (r = 0.70**), suggesting that HKN could be used to predict N availability 
in these soils. Working with 50 soils from six different agroecological zones of 
the North central region of the US, Dodor and Tabatabai (2002c) reported that 
HKN was the best predictor of N mineralization in soils compared with PEN or 
SEN. Similarly, other workers have also concluded that HKN was superior in 
predicting N uptake by plants compared to PEN method (Jalil et al., 1996; 
Curtin et al., 1998). 
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Activities of amidohydrolases and N mineralization 
Because microorganisms are the engines of organic N transformations, 
information on key characteristics of soil microbiological activities in relation to 
N cycling is important to better predict N mineralization in soils. Soil enzymes 
are associated with microbial biomass, and are central to the microbial N 
transformations in soils. Their activities are, therefore, important in assessing 
potential mineralization in soils. With the exception of PBN, the amounts of N 
mineralized by the chemical and biological methods were significantly correlated 
with the activity of amidase (Table 4). The activities of glutaminase, 
asparaginase, and aspartase were significantly correlated with HKN, with r 
values > 0.75**, and anaerobic incubation (field-moist soil, r = 0.56*). The 
results of the present study agree with those of our previous work, showing close 
relationship between N mineralization and the activities of amidohydrolases in 
soils (Deng et al., 2000; Dodor and Tabatabai, 2002b). 
The activity of arylamidase was significantly correlated with the chemical 
indexes of N availability (KKN, PBN, and SBN), but not with the biological 
indexes (Table 4). Working with soils from different cropping systems and N 
fertilizer regimes, we showed that arylamidase activity was significantly 
correlated with the amounts of N mineralized during 24 weeks of incubation at 
30°C (Dodor and Tabatabai, 2002a). The poor correlation contradicts the 
significant correlation between the biological indexes and the activity of 
arylamidase we reported previously (Dodor and Tabatabai, 2002c). Results of 
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the present study, together with those of other authors (Burton and McGill, 
1992; Burket and Dick, 1998; Zaman et al., 1999), confirm that mineralization of 
organic N is mediated by the activities of enzymes, including amidohydrolases 
and arylamidase. 
Patterns of organic N hydrolysis 
Patterns of cumulative N hydrolyzed in three soils by the four reagents 
used (in two replicates) are shown in Fig. 1 to demonstrate the precision of the 
steam distillation procedure employed. The shape of the other soils fall between 
those shown, with results very reproducible for all four reagents. Plots of means 
of cumulative N hydrolyzed in four of the soils with time of distillation are 
shown in Fig. 2. Results showed that there was an initial high rate of organic N 
hydrolysis, which declined to a low, fairly constant rate after 20 min of steam 
distillation with 1M NaOH, KOH, or LiOH. In general, the total amounts of the 
N hydrolyzed from the soils using NaOH, KOH, or LiOH exceeded those 
obtained with PPB (Table 5). However, the order of the magnitude of the 
amounts of NH4+-N released followed the same trend in all soils, with LiOH 
hydrolyzing slightly greater amounts of N compared with NaOH. 
The total amounts of N hydrolyzed during the 40 min of steam distillation, 
expressed as percentage of organic N in the soils, are shown in Table 5. In 
general, the percentages of N hydrolyzed were greater in soils containing high 
concentrations of organic N than those containing low concentrations. This 
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suggests differences in chemical reactivity of the organic N in the soils. Results 
of the present study contradicts those of Stanford and DeMar (1969) who found 
no difference in the nature of organic matter extractable by 0.1 M CaClg at 121°C 
for 16 h. 
Kinetics of organic N hydrolysis 
The three transformations of the Michaelis-Menten equation applied to 
the cumulative amounts of organic N hydrolyzed by the alkaline reagents with 
distillation time are shown in Figs. 3-7 for four of the soils used. The cumulative 
amounts of N hydrolyzed were adequately described by linear transformations of 
the data (r values ranged between 0.96 and 1.0), with the Lineweaver-Burk type 
transformation giving the best plot and the least residual mean square values. 
Because linearization of the Michaelis-Menten equation tends to bias the 
regression analysis and subsequent estimated parameters, comparison between 
parameters could be misleading. Work in enzyme chemistry has shown that the 
double reciprocal plots produces straight lines regressions, but the parameter 
estimates may differ from the other transformations of the hyperbolic equation 
(Segel, 1975). This is because each transformation gives different weight to the 
error in the variables (Dowd and Rigg, 1695), which normally results in 
variation in the estimated constants. In the present study, however, analysis of 
variance showed that, if the reagents were considered individually, the slight 
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variation in the Nmax values calculated for each soil using the three 
transformations were not statistically significant (Tables 6-9). 
The concept of N mineralization potential (No) and its associated rate 
constant (k) describing the course during a long-term (30 weeks) aerobic 
incubation introduced by Stanford and Smith (1972) has been the most widely 
used model in N mineralization studies. For the purpose of comparison, the No 
values calculated for chemical hydrolysis by the reagents used are also given 
(Tables 6-9). In general, estimated No values were similar to Nmax values 
obtained by using the linear transformation procedures. Determination of the 
most suitable mathematical equation and most appropriate method for 
calculating the values of the parameters in the equation describing the net N 
mineralization in soils showed that No and Kt determined by nonlinear least 
square yielded the best fit to the data for labeled soil and had the lowest root 
mean square error (Juma et al., 1984). These authors also indicated that linear 
regression of l/Nc on 1 It yielded Nmax and Kt values which were markedly 
different than those obtained with the Nc vs. NJt and t/Nc vs. t transformations. 
Considering the reagents individually, analysis of variance indicated that 
estimated Nmax differed significantly among soils, suggesting differences in the 
chemical reactivity of soil organic N that is hydrolyzable by the reagents. This 
finding is significant because studies to compare the distribution of organic N in 
different soils, or among soils under different management practices, have 
generally indicated that, regardless of soils type, cropping or cultivation, there is 
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little variation in the distribution of hydrolysable soil organic N, (Stevenson, 
1957; Meints and Peterson, 1977). 
Kinetic parameters and N mineralization indexes 
Regression analysis showed that, for a given reagent, Nmax values 
calculated by using the three linear transformations were significantly 
correlated with each other (Table 10) across all soils, except those of the 
Lineweaver-Burk plot for PBB, which showed very few nonsignificant r values. 
When two reagents are hydrolyzing organic N from the same pool, it is expected 
that the actual amounts hydrolyzed be very strongly correlated, but the gradient 
of the relationship need not necessarily be unity. Thus, results of the present 
study suggest that the reagents might be hydrolyzing N from the same pool. 
Although the Nmax values from all models were positively correlated with 
the amounts of N mineralized with the biological indexes, most of the r values 
were not significant (Table 11). Among the chemical indexes of N availability 
evaluated, only the HKN method was significantly correlated with all Nmax 
values. Because the HKN has been thoroughly evaluated and has been shown to 
be a reliable index of N availability to plants (Selmer-Olsen et al., 1981; Jalil et 
al., 1996; Curtin et al., 1998), this significant correlation suggests that the 
alkaline hydrolysis procedure presented herein can be used as a chemical index 
of N mineralization in soils. 
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Among the four reagents, Nmax values calculated from the cumulative 
amounts of organic N hydrolyzed by KOH or NaOH, regardless of the 
transformation, were superiorly correlated with the values obtained with HKN, 
and least correlated with those obtained with PBN (Table 11). This suggests 
either 1 M KOH or NaOH can be used for evaluating chemical index of soil N 
availability. A critical evaluation of the data, however, showed that organic N 
hydrolysis with 1 M KOH was consistently correlated with the initial amount of 
NH4+-N present in the soils. Because the amount of NH^-N in a particular soil 
determines to a greater extent its fertility status in terms of supplying inorganic 
N for plant uptake, this gives the first indication that KOH is the best reagent 
for evaluating N availability index by the chemical method described herein. It 
is interesting to note also that the amount of exchangeable NH4+ released after 8 
min of distillation with MgO was consistently correlated with all the Nmax values 
for KOH hydrolysis. Because the source of this NH*+ is mineralization of organic 
N, this further strengthens the use of KOH hydrolysis as a reliable chemical 
index of N mineralization in soils. 
Values of estimated Nmax and No as percentages of the total organic N are 
shown Table 12. In general, they were greater than 50% of the organic N 
present in the soils. These values, however, are lower than those reported by 
Stanford (1968), but greater than the amounts extracted with dilute acidic 
permanganate solution (0.1 M KMn04 in 0.1 or 0.5 M H2SO4) (Juma et al., 1984). 
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Kinetic parameters and activities of amidohydrolases 
To allow for rapid assessment of N availability in soils, the activity of 
specific enzymes pools have been evaluated as possible indexes of soil N 
mineralization (Burton and McGill, 1992; Burket and Dick, 1998; Deng et al., 
2000; Dodor and Tabatabai, 2000a). Results from those studies have shown that 
N mineralization involves a sequence of microbial and enzymatic activities and 
that enzymatic conversion of organic N to NH4+ is the rate limiting step in N 
mineralization in soils. The importance of the amidohydrolases and arylamidase 
as the enzymes involve in mineralization of soil organic N has been suggested 
(Tabatabai, 1994; Senwo and Tabatabai, 1998; Acosta-Martinez and Tabatabai, 
2000a). Therefore, chemical indexes of N availability can be evaluated in terms 
of their degree of correlation with the activities of these enzymes. Further, 
should the slope of the correlation between the amount or index of N 
mineralization and the activity of the enzyme be unity, it can be said that the 
two are hydrolyzing the same bond. The known specificity of enzymes can then 
allow deductions to be made regarding the bond being hydrolyzed by the 
reagent. 
Regressions of the Nmax values on the activities of the amidohydrolases 
were all significant, with amidase being the most highly and consistently 
correlated with Nmax values (Table 13). Although the specific nature of organic N 
amenable to hydrolysis by these reagents was not evaluated, information 
available indicates that the majority of organic N in soils is amides (Sowden, 
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1958; Bremner, 1965). Thus, it can be assumed that the reagents are 
hydrolyzing mainly amide-N. Among the four reagents tested, values of Nmax 
calculated for KOH hydrolysis again showed a slightly superior r values 
compared with the others, including NaOH. This confirms the assertion made 
earlier that KOH is the best reagent among the four studied for evaluating N 
availability index of soils. 
Kt and k values 
Calculated values for the time required to hydrolyze 50% of the Nmax 
values showed that PBB required the longest time, with values for the other 
three reagents being generally similar (Tables 6-9). The Kt values for PBB 
ranged from 39 to 124 min, whereas those for NaOH, KOH and LiOH were all 
below 32 min. This trend is apparently due to the strength of the reagents, with 
PBB being the least strong and so showed a comparatively slow kinetic rate. As 
expected, the Kt and Nmax values were positively correlated, suggesting that 
larger organic N pools require longer time for mineralization. Applying the 
same mathematical principles, Juma et al. (1984) calculated Kt values for 51 
Saskatchewan soils to be between 7.3 and 45.8 weeks, while Stanford and Smith 
(1972) found the time required to mineralize one-half of No, <1/2 in 31 soils to be 
12.8 ± 2.2 weeks. 
Although no direct comparison can be made between k values reported 
here and those obtained by other workers under long-term incubation conditions, 
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it is worth noting that the values fall within the range reported in the literature 
(Stanford and Smith, 1972; Juma et al., 1984; Deng et al., 2000). 
Mechanism of organic N hydrolysis 
Evidently, the removal of soil organic N by successive alkaline hydrolysis 
represents a gradual and somewhat selective dissolution of N forms susceptible 
to mineralization. In the absence of specific knowledge of the nature of the soil 
organic substances giving rise to the hydrolyzable N by the reagents, however, 
little can be said regarding the mechanisms involved in the hydrolysis and the 
chemical alterations. Nevertheless, the source of distillable N and other forms of 
N hydrolyzed by the reagents can be surmised from other historical studies 
oriented towards making such identification, i.e., hydrolysis of -NHz functional 
groups in soil organic matter. 
Organic matter hydrolysis showed that nitrogenous constituents of 
microbial origin including previously living organisms disrupted by heating and 
the high pH, and products of microbial synthesis not yet fully incorporated in the 
fraction of difficulty decomposable organic matter could be the probable source 
(Bremner, 1965, Sowden, 1968). It is also probable that partial destruction of 
certain amino acids during alkaline hydrolysis involving strong basis, such as 
NaOH and KOH, may give rise to hydrolysable N. Studies by Juma et al. (1984) 
showed that acid hydrolysis extracted 72% of the total N, and amino acid 
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accounted for 32% of the N, whereas NH^-N released on hydrolysis accounted 
for 20%. 
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TABLE 1 
Selected chemical, biochemical and physical properties of the soils used 
pH Total Inorganic N Organic Total 
Soil H20 CaCl2 N NH4-N NOa-N N C C " ^nuc Nmic" Clay Sand 
g kg1 — mg kg'1 — g kg -l mg kg 1 g kg 1 
Canisteo 7.5 7.4 3.8 1.9 7.1 3.79 37.7 527 40.3 275 318 
Clarion (I) 5.0 4.6 3.7 4.6 9.7 3.69 21.1 335 13.2 235 356 
Coland 5.8 5.3 3.6 2.5 9.8 3.59 29.7 420 21.0 287 160 
Crippin 7.5 7.2 2.9 6.6 14.6 2.89 24.2 422 32.1 227 432 
Harps 7.9 7.6 4.3 1.4 6.8 4.29 53.9 273 37.8 281 335 
Nicollet 6.5 6.1 3.2 3.2 12.1 3.18 21.3 279 21.8 237 367 
Okoboji 7.8 7.4 4.2 1.7 9.0 4.19 37.4 659 43.5 295 267 
Storden 7.8 7.4 2.2 2.5 14.4 2.18 28.9 167 22.0 133 480 
Terrill 6.9 6.4 2.7 2.7 13.1 2.68 20.8 254 20.9 147 533 
Webster (I) 8.0 7.4 3.5 1.4 8.4 3.49 32.3 553 41.2 232 370 
Clarion (II) 6.6 5.6 3.0 4.8 12.7 2.98 37.1 - - 258 317 
Grundy 7.4 6.7 1.9 1.6 27.9 1.87 21.2 - - 290 25 
Webster (II) 6.5 5.5 2.4 4.9 6.9 2.39 38.3 - - 277 297 
" Cmic and Nmic, microbial biomass C and N, respectively. 
TABLE 2 
Activities of amidohydrolases and arylamidase in the soils used 
Enzyme activity" 
Soil Arylamidase Amidase Glutaminase Asparaginase Aspartase 
Canisteo 143 378 718 152 520 
Clarion (I) 132 284 414 37 141 
Coland 57 481 654 105 427 
Crippin 49 452 391 69 221 
Harps 59 362 701 104 315 
Nicollet 68 352 625 65 244 
Okoboji 72 390 691 91 234 
Storden 30 433 600 86 233 
Terrill 68 316 569 80 234 
Webster (I) 70 346 756 126 378 
Clarion (II) 196 775 893 168 533 
Grundy 70 373 549 71 194 
Webster (II) 142 762 817 153 429 
" Arylamidase, mg P-naphthylamide kg 1 soil h l; Aspartase, mg NH/-Nkg 1 soil 24 h'1; 
rest, mg NH/-N kg 1 soil 2 h \ 
TABLE 3 
Amounts of nitrogen mineralized by chemical and biological methods 
PO4-B4O7 2 M KCI Na2B407 Anaerobic" Hot 
Soil 4 min 8 min 4 min 8 min 4 min 8 min FM AD Aerobic KCI 
mg N kg 1 soil 
Canisteo 19.9 36.2 2.1 5.2 4.1 7.4 6.4 31.2 13.8 30.6 
Clarion (I) 19.9 34.8 2.3 5.4 3.4 8.2 6.7 54.4 13.0 19.2 
Coland 7.8 16.7 2.3 4.6 3.8 6.9 18.7 91.0 6.1 29.4 
Crippin 11.4 23.7 1.3 2.8 2.9 5.2 3.4 37.2 4.7 22.2 
Harps 9.6 16.8 1.8 3.4 2.8 7.4 3.5 47.4 2.9 25.3 
Nicollet 16.7 30.2 3.6 6.0 4.4 8.2 6.1 44.6 20.8 25.3 
Okoboji 24.2 40.2 2.1 4.7 4.9 10.6 9.7 49.3 15.6 29.8 
Storden 12.6 21.4 1.6 2.6 2.5 6.4 9.5 48.9 26.1 23.7 
Terrill 18.0 28.9 1.1 2.8 2.0 5.7 7.7 63.0 5.2 21.2 
Webster (I) 13.4 24.7 1.1 3.1 1.1 3.4 10.7 79.0 16.7 24.9 
Clarion (II) 19.3 37.9 4.1 8.7 4.1 10.3 12.8 80.1 34.2 38.8 
Grundy 19.3 33.8 2.5 4.9 0.8 2.8 2.0 19.9 25.4 23.1 
Webster (II) 28.6 46.2 2.9 6.7 6.2 10.8 16.3 85.2 31.1 44.9 
" FM, field-moist soil; AD, air dried soil. 
TABLE 4 
Correlation coefficients for the relationships between enzyme activities and chemical and biological indexes of 
N mineralization 
Property" Aryla Amid Gluta Aspar Aspart HKN AFM AAD AB PBB-4 PBB-8 KCI 4 KCI-8 SBB-4 SBB-8 
Correlation coefficient (r ) 
Arylamidase 1.00 
Amidase 0.58 1.00 
Glutaminase 0.50 0.62 1.00 
Asparaginase 0.59 0.70 0.89 1.00 
Aspartase 0.59 0.63 0.81 0.94 1.00 
Hot KCI 0.63 0.89 0.80 0.83 0.75 1.00 
Anaerobic (FM) 0.27 0.60 0.55 0.52 0.56 0.65 1.00 
Anaerobic (AD) 0.27 0.53 0.52 0.46 0.49 0.52 0.89 1.00 
Aerobic 0.50 0.63 0.51 0.41 0.27 0.58 0.28 0.14 1.00 
PBB-4 0.59 0.34 0.28 0.24 0.07 0.52 0.12 0.01 0.56 1.00 
PBB-8 0.70 0.41 0.31 0.30 0.16 0.56 0.13 0.00 0.61 0.98 1.00 
KC1-4 0.63 0.58 0.44 0.29 0.35 0.58 0.25 0.16 0.65 0.38 0.49 1.00 
KC1-8 0.84 0.66 0.53 0.46 0.49 0.70 0.35 0.27 0.65 0.55 0.67 0.93 1.00 
SBB-4 0.47 0.55 0.38 0.36 0.37 0.71 0.49 0.32 0.25 0.51 0.53 0.55 0.60 
SBB-8 0.56 0.54 0.45 0.35 0.32 0.66 0.45 0.35 0.31 0.53 0.54 0.59 0.64 
* Activities of amidase, aparaginase, and glutaminase are in mg NH/-N kg1 soil 2 h aspartase is in 
mg NH/-N kg1 soil 24 h ', and aryamidase is mg P-naphthylamide kg 1 soil h 
b /'-values > 0.55, 0,68, or 0.80 are significant at P < 0.05%, 0.01% or 0.001%, respectively. 
TABLE 5 
Total amounts of mineral N (NH/-N) produced and percetages of the total organic N hydrolyzed 
Amount of inorganic N 
Soils LiOH KOH NaOH PBB 
NH/-N % Hydro" NH/-N % Hydro" NH/-N % Hydro" NH/-N % Hydro" 
mg kg1 mg kg 1 mg kg 1 mg kg 1 
Canisteo 553 14.6 480 12.7 486 12.8 324 8.6 
Clarion (I) 489 13.2 447 12.1 510 13.8 364 9.9 
Coland 543 15.1 477 13.3 566 15.8 379 10.6 
Crippin 461 15.9 407 14.1 443 15.3 336 11.6 
Harps 482 11.2 452 10.5 522 12.2 295 6.9 
Nicollet 470 14.8 403 12.7 443 13.9 320 10.1 
Okoboji 559 13.3 441 10.5 509 12.1 305 7.3 
Storden 424 19.5 355 16.3 392 18.0 273 12.5 
Terrill 462 17.2 356 13.3 473 17.6 318 11.8 
Webster (I) 543 15.6 452 13.0 502 14.4 337 9.7 
Clarion (II) 686 23.0 603 20.2 611 20.5 457 15.3 
Grundy 508 27.2 458 24.5 449 24.0 414 22.1 
Webster (II) 670 28.0 646 27.0 500 20.9 480 20.1 
" Percentage of total organic N hydrolyzed. 
TABLE 6 
Calculated kinetic parameters for P04-B407 buffer hydrolysis 
Soil Lineweaver-Burk" Hanes Wolfa Eadie-Hofstee" First Order" 
N  max K t  ^ max N max Kt N0 k ' 1/2 
Canisteo 588 40 769 57 674 48 534 0.0230 30 
Clarion (I) 909 62 909 64 912 63 616 0.0219 32 
Coland 833 51 909 59 868 55 640 0.0229 30 
Crippin 1250 110 1250 111 1260 111 817 0.0135 51 
Harps 526 40 714 61 608 48 551 0.0190 37 
Nicollet 714 53 769 58 762 57 498 0.0252 28 
Okoboji 1250 124 1250 126 1275 128 777 0.0128 54 
Storden 556 47 667 60 623 55 456 0.0227 31 
Terrill 625 44 714 54 677 49 505 0.0240 29 
Webster (I) 625 39 714 48 690 45 504 0.0272 25 
Clarion (II) 1667 108 1667 109 1693 110 1101 0.0142 49 
Grundy 769 42 1000 60 896 51 715 0.0212 33 
Webster (II) 1000 50 1250 67 1184 62 861 0.0202 34 
" Nmax and N „ are expressed in mg NH/-N kg 1 soil; K t ,  t  V2 in min; k in min'1. 
TABLE 7 
Calculate kinetic parameters for KOH hydrolysis 
Soil Lineweaver-Burk" Hanes-Wolf8 Eadie-Hofstee a First Order" 
N max K t N max Kt N max Ki No k t 1/2 
Canisteo 667 16 769 21 725 18 532 0.0511 14 
Clarion (I) 588 14 714 21 640 16 484 0.0531 13 
Coland 714 14 769 18 734 15 501 0.0611 11 
Crippin 625 17 714 22 665 19 459 0.0491 14 
Harps 667 15 769 21 701 17 504 0.0497 14 
Nicollet 526 14 667 21 573 16 439 0.0520 13 
Okoboji 625 17 714 22 682 19 490 0.0510 14 
Storden 500 18 667 30 553 21 438 0.0386 18 
Terrill 500 18 588 22 527 18 401 0.0489 14 
Webster (I) 588 13 714 19 641 15 482 0.0572 12 
Clarion (II) 1000 14 1000 16 957 14 622 0.0660 11 
Grundy 714 15 833 22 749 17 514 0.0483 14 
Webster (II) 909 11 1111 17 996 13 670 0.0625 11 
" N m a x  and N 0  are expressed in mg NH , N kg 1 soil; K, ,  t  ,/2 in min; k  in min V 
TABLE 8 
Calculated kinetic parameters for NaOH hydrolysis 
Soil Lineweaver-Burk" Hanes-Wolf " Eadie-Hofstee a First Order" 
N max Kt N max Kt N max Kt N0 k ' 1/2 
Canisteo 667 13 769 18 685 14 511 0.0601 12 
Clarion (I) 667 12 769 17 720 14 536 0.0617 11 
Coland 769 11 909 17 811 12 586 0.0638 11 
Crippin 667 15 769 21 700 17 486 0.0538 13 
Harps 714 12 909 20 768 14 564 0.0556 12 
Nicollet 588 13 714 19 630 15 467 0.0591 12 
Okoboji 667 12 769 17 696 13 532 0.0641 11 
Storden 558 17 667 26 591 20 464 0.0416 17 
Terrill 625 14 769 22 676 16 526 0.0493 14 
Webster (I) 667 12 769 17 683 13 521 0.0624 11 
Clarion (II) 833 9 1000 13 887 10 607 0.0780 9 
Grundy 667 12 769 17 682 13 464 0.0634 11 
Webster (II) 1000 25 1000 26 989 25 605 0.0748 9 
" Nmax and N 0  are expressed in mg NH/-N kg'1 soil; K, ,  t  ,/2 in min; k  in min'1. 
TABLE 9 
Calculated kinetic parameters for LiOH hydrolysis 
Soil Lineweaver-Burk" Hanes-Wolf " Eadie-Hofstee n First Order" 
N ,„(,x Kt N max Kt N max Kt N0 k t V2 
Canisteo 833 19 1000 26 900 22 643 0.0460 15 
Clarion (I) 625 13 769 21 687 16 538 0.0506 14 
Coland 769 12 909 18 794 14 573 0.0589 12 
Crippin 714 17 833 23 740 18 517 0.0492 14 
Harps 714 15 833 22 745 17 535 0.0502 14 
Nicollet 625 14 769 22 680 17 529 0.0482 14 
Okoboji 909 23 1111 32 699 26 697 0.0381 18 
Storden 714 26 833 34 780 30 554 0.0343 20 
Terrill 714 22 909 32 787 26 570 0.0365 19 
Webster (I) 769 18 909 24 848 21 631 0.0451 15 
Clarion (II) 1000 11 1111 16 1037 12 709 0.0644 11 
Grundy 833 19 1000 27 920 23 606 0.0418 17 
Webster (II) 1000 11 1111 16 1022 12 686 0.0654 11 
" N m a x  and N„ are expressed in mg NH/-N kg 1 soil; K, , 1 1/2 in min; k  in min'1. 
TABLE 10 
Correlation coefficients for the relationships between estimated kinetic parameters of chemical hydrolysis 
P04-B407" KOH" NaOH" LiOH" 
N max N0 N max N0 N max No N max No 
Parameter LB HW EH FO LB HW EH FO LB HW EH FO LB HW EH FO 
Correlation coefficient (r )b 
LB-PBB 1.00 
HW-PBB 0.97 1.00 
EH-PBB 0.99 0.99 1.00 
FO-PBB 0.93 0.99 0.97 1.00 
LB-KOH 0.64 0.78 0.72 0.85 1.00 
HW-KOH 0.49 0.67 0.60 0.74 0.94 1.00 
EH-KOH 0.58 0.74 0.67 0.81 0.98 0.98 1.00 
FO KOH 0.48 0.65 0.58 0.71 0.94 0.98 0.98 1.00 
LB NaOH 0.45 0.60 0.55 0.68 0.87 0.92 0.92 0.91 1.00 
HW-NaOH 0.47 0.59 0.53 0.68 0.89 0.82 0.87 0.82 0.92 1.00 
EH NaOH 0.50 0.63 0.57 0.70 0.88 0.88 0.90 0.88 0.99 0.96 1.00 
FO NaOH 0.42 0.48 0.45 0.54 0.73 0.65 0.71 0.69 0.83 0.92 0.89 1.00 
LB-LiOH 0.57 0.71 0.66 0.74 0.83 0.81 0.85 0.83 0.74 0.66 0.69 0.57 1.00 
HW-LiOH 0.52 0.65 0.60 0.66 0.71 0.67 0.73 0.71 0.62 0.54 0.57 0.49 0.97 1.00 
EH-LiOH 0.30 0.48 0.40 0.56 0.81 0.82 0.81 0.80 0.70 0.63 0.65 0.46 0.81 0.72 1.00 
FO LiOH 0.49 0.59 0.56 0.59 0.67 0.64 0.69 0.71 0.57 0.48 0.52 0.50 0.93 0.95 0.69 1.00 
LB, Lineweaver-Burk; HW, Hanes-Woolf; EH, Eadie-Hofstee; FO, first order. 
r values > 0,55, 0.68, or 0.80 are significant at P < 0.05%, 0.01% or 0.001%, respectively. 
TABLE 11 
Correlation coefficients for the relationship between estimated kinetic parameters and biological and 
chemical indices 
Parameter8 
POr BAb KOHb NaOHb LiOHb 
N max Na N max No N max N0 N max No 
LB HW EH FO LB HW EH FO LB HW EH FO LB HW EH FO 
Correlation coefficient (r ) b 
Anaerobic (FM) 0.26 0.27 0.28 0.28 0.44 0.44 0.46 0.46 0.60 0.54 0.60 0.68 0.47 0.42 0.38 0.48 
Anaerobic (AD) 0.25 0.23 0.26 0.26 0.41 0.38 0.39 0.39 0.60 0.62 0.64 0.77 0.33 0.25 0.32 0.34 
Aerobic 0.35 0.45 0.43 0.45 0.53 0.63 0.55 0.59 0.36 0.22 0.31 0.08 0.59 0.51 0.65 0.59 
Hot KCI 0.46 0.60 0.56 0.63 0.83 0.87 0.88 0.89 0.86 0.77 0.82 0.69 0.86 0.77 0.74 0.77 
PBB-4 0.33 0.43 0.41 0.40 0.37 0.49 0.46 0.52 0.42 0.18 0.36 0.19 0.58 0.64 0.40 0.66 
PBB-8 0.46 0.55 0.53 0.52 0.47 0.55 0.54 0.59 0.45 0.23 0.39 0.22 0.63 0.67 0.46 0.70 
SB-4 0.42 0.45 0.45 0.41 0.44 0.49 0.51 0.55 0.57 0.46 0.57 0.51 0.43 0.38 0.13 0.39 
SB-8 0.51 0.51 0.52 0.47 0.46 0.46 0.49 0.53 0.51 0.49 0.55 0.59 0.45 0.41 0.12 0.46 
KC1-4 0.50 0.55 0.54 0.55 0.63 0.60 0.59 0.58 0.43 0.46 0.46 0.32 0.40 0.33 0.39 0.37 
KC1-8 0.60 0.66 0.64 0.67 0.77 0.73 0.74 0.75 0.60 0.59 0.62 0.51 0.58 0.52 0.55 0.58 
" FM, field moist soil; AD, air dried soils 
b LB, Lineweaver-Burk; HW, Hanes-Woolf; EH, Eadie-Hofstee; FO, first order. 
c r-values > 0.55, 0.68, or 0.80 are significant at P < 0.05%, 0.01% or 0.001%, respectively. 
TABLE 12 
Maximum hydrolyzable N (Nniax) and N0 values as a percentage of total organic N in the soils used 
PQ4-B407* KOH" NaOH" LiOH' 
Soil 
NNWX H, N|hhX N„ N|IMX N„ NFIWX N0 
LB HW EH FO LB HW EH FO LB HW EH FO LB HW EH FO 
Canisteo 16 20 18 14 18 20 19 14 18 20 18 13 22 26 24 17 
Clarion (I) 25 25 25 17 16 19 17 13 18 21 19 15 17 21 19 15 
Coland 23 25 24 18 20 21 20 14 21 25 23 16 21 25 22 16 
Crippin 43 43 44 28 22 25 23 16 23 27 24 17 25 29 26 18 
Harps 12 17 14 13 16 18 16 12 17 21 18 13 17 19 17 12 
Nicollet 22 24 24 16 17 21 18 14 18 22 20 15 20 24 21 17 
Okoboji 30 30 30 19 15 17 16 12 16 18 17 13 22 27 17 17 
Storden 26 31 29 21 23 31 25 20 26 31 27 21 33 38 36 25 
Terrill 23 27 25 19 19 22 20 15 23 29 25 20 27 34 29 21 
Webster (I) 18 20 20 14 17 20 18 14 19 22 20 15 22 26 24 18 
Clarion (II) 56 56 57 37 34 34 32 21 28 34 30 20 34 37 35 24 
Grundy 41 53 48 38 38 45 40 27 36 41 36 25 45 53 49 32 
Webster (II) 42 52 50 36 38 46 42 28 42 42 41 25 42 46 43 29 
" LB, Lineweaver-Burk; HW, Hanes-Woolf; EH, Eadie-Hofstee; FO, first order. 
TABLE 13 
Correlation coefficients between estimated kinetic parameters and activities of the amidohydrolases 
PQ4-B4Q7b KOHb NaOH" LiOH" 
Nlm»x Nn N„ Nmwx N0 N,nax N0 
Enzyme" LB HW EH FO LB HW EH FO LB HW EH FO LB HW EH FO 
Correlation coefficient (r )0 
Arylamidase 0.52 0.58 0.55 0.60 0.73 0.68 0.71 0.75 0.60 0.58 0.62 0.58 0.58 0.53 0.64 0.62 
Amidase 0.64 0.75 0.71 0.79 0.88 0.88 0.87 0.84 0.83 0.78 0.82 0.64 0.79 0.64 0.76 0.60 
Glutaminase 0.19 0,26 0.26 0.33 0.63 0.61 0.62 0.66 0.56 0.62 0.55 0.60 0.73 0.67 0.66 0.76 
Aspartase 0.20 0.30 0.25 0.34 0.67 0.59 0.65 0.66 0.59 0.64 0.58 0.62 0.63 0.55 0.70 0.60 
Asparaginase 0.24 0.36 0.31 0.41 0.71 0.67 0.71 0.74 0.64 0.65 0.61 0.61 0.78 0.70 0.80 0.74 
" Activities of amidase, aparaginase, and glutaminase are in mg NH/-N kg 1 soil 2 li ', aspartase is in 
mg NH/ N kg 1 soil 24 h \ and aryamidase is mg p-naphthylamide kg 1 soil IV1. 
b LB, Lineweaver-Burk; HW, Hanes-Woolf; EH, Eadie-Hofstee; FO, first order. 
Nnmx and N0 are expressed in mg NH/-N kg 1 soil. 
c r values > 0.55, 0.68, or 0.80 are significant at P < 0.05%, 0.01% or 0.001%, respectively. 
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time using P04-B307 buffer, t = distillation time (min), Ne cumulative N 
hydrolyzed. 
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time using KOH. t = distillation time (min), Nc cumulative N 
hydrolyzed. 
233 
"Z, 
0.012 
0.008 
0.004 
0.000 
I Canisteo soil 
Crippin soil 
Storden soil ^— 
Webster soil (II) ^ 
1 1 
-0.1 
! 
0.12 
0.08 
0.04 
0.00 
0.0 0.1 
1/t 
0.2 
II 
-
' » 
-20 20 40 
u 600 
20 30 
Nc/t 
Fig. 5. Lineweaver-Burk plot (I), Hanes-Woolf plot (II), and Eadie-Hofstee plot 
(HI) of the Michaelis-Menten equation for cumulative N hydrolyzed with 
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CHAPTER 9 
GENERAL CONCLUSIONS 
Concerns about environmental effect of intensive agriculture are shifting 
focus away from conventional agricultural systems to more ecologically 
sustainable ones. This requires an understanding of factors particularly 
sensitive to change that could provide early indications of the impacts of 
perturbations on soil quality and health. The effect of such practices on the 
physical and chemical properties of soils is well documented. The biological and 
biochemical component of soil quality, being the most susceptible to change, can 
be used along with other indicators for assessing soil quality and health. 
Unfortunately, little is known about changes in biochemical properties of soils 
due to management practices and how such changes influence plant production 
and sustainability. 
Nitrogen mineralization is the intrinsic ability of a soil to convert soil 
organic N to inorganic N (NH4+ and NO3-) for plant uptake. A major challenge 
facing farmers and agricultural researchers today is a satisfactory method for 
predicting N mineralization potential of soils. Numerous biological and chemical 
methods have been proposed for this purpose, but a satisfactory method 
continues to elude investigators. A chemical approach to the problem is 
attractive, particularly because chemical methods are usually more rapid and 
more precise than biological methods. The use of extractable organic matter as a 
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chemical index of N availability has long been recognized, and considerable 
effort expended to find specific components that correlate with N mineralization 
and plant uptake in the field. 
The first four parts of this study assessed the impacts of crop rotations 
and N fertilization on the activities of 12 enzymes involved in C, N, and P cycling 
in soils of two long-term cropping systems at the Northeast Research Center 
(NERC) in Nashua and the Clarion-Webster Research Center (CWRC) in 
Kanawha, established 1979 and 1954, respectively, in Iowa. The activities of 
arylamidase, glycosidases (a- and P-glucosidases, a- and P-galactosidases), 
amidohydrolases (amidase, L-glutaminase, L-asparaginase, L-aspartase), and 
phosphatases (acid and alkaline phosphatases, and phosphodiesterase) were 
assayed in surface soils (0-15 cm) sampled in 1996 and 1997 from four replicate 
field plots in corn, soybean, oats, or meadow (alfalfa) that received 0 or 180 kg N 
ha1 before corn. The effects of microbial biomass C (Cmic) and N (Nmic) on the 
activities of these enzymes, as well as their relationship with N mineralization, 
where appropriate, were also investigated. The cropping systems at the NERC 
site contained three replications in continuous corn (CCCC), corn-soybean 
(CSbCSb), corn-corn-oat-meadow (CCOM), and continuous soybean (SbSbSbSb), 
and at the CWRC site contained two replicates in CCCC, CSbCSb, CCOM, and 
corn-oat-meadow-meadow (COMM). 
The fifth part of this study investigated the relationship between 
arylamidase activity and N mineralization under aerobic and anaerobic short-
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term laboratory incubations conditions and chemical indexes of N mineralization 
in a range of soils from 6 agroecological zones of the north central region of 
United States. An alkaline hydrolysis method for assessing the potentially 
hydrolyzable organic N pool in soils was developed in the sixth part. The 
method involves determination of the NH4+-N produced by direct steam 
distillation of lg field-moist soils and 1M KOH, NaOH or LiOH, or PO4-B3O7 
buffer (pH 11.8). The amount of NH4+-N released was trapped in H3B3O7 and 
the concentration determined successively every 5 min for a total of 40 min. The 
cumulative amounts of N hydrolyzed followed exponential trends that could be 
fitted to either hyperbolic or first-order equations. The kinetic parameters of the 
hyperbolic equation, Nmax (maximum hydrolyzable or mineralizable N) and Kt 
(time required to hydrolyze one-half of Nmax) were determined by linear 
regression of the transformed data, and those of first-order equation, No 
(potential mineralizable N), k (hydrolysis rate constant), and <1/2 (time required 
to hydrolyze one-half of N0) by non-linear least square method. 
Results showed that arylamidase activity was significantly affected by 
crop rotations in soils from the NERC site in both years, whereas it was affected 
by N fertilization only in 1997. Because of the high degree of spatial variability 
and sampling time, no such relationship was found for the samples from the 
CWRC site. The greatest arylamidase activity values were obtained in multi-
cropping systems in meadow or oats, and the lowest values in continuous corn or 
soybean systems. Arylamidase activity was significantly correlated with Cmic (r 
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> 0.40, f < 0.01) and Nmic (r > 0.56, P <  0.001) in both years at the two sites. The 
amounts of N mineralized during 24 weeks of incubation at 30°C in soils of the 
plots receiving 0 or 180 kg N ha1 were significantly correlated with arylamidase 
activity at the NERC site (r = 0.88, P < 0.001 and 0.55, P < 0.01, respectively), 
but not in soils from the CWRC site. 
The activities of the four glycosidases were significantly affected by crop 
rotations in both years at the two sites. Nitrogen application, however, did not 
affect the activities of the glycosidases. In general, higher activities were 
observed in plots under meadow or oat, and the lowest in continuous corn 
(CWRC) and soybean (NERC). Four-year rotation showed the highest activity, 
followed by 2-year rotation and monocropping systems. Linear regression 
analyses indicated that the activities of the glycosidases were significantly 
correlated with Cmic (r > 0.302, P< 0.05) and Nmic (r > 0.321, P< 0.05), and with 
the organic C (r > 0.332, P < 0.05) and N (r > 0.399, P < 0.01) contents of the 
soils. The specific activity values of the glycosidases in soils of the two sites 
expressed as g p-nitrophenol released per kg of organic C, differed among the 
four enzymes and were significantly affected by the cropping systems studied. 
The lowest values were obtained for P-galactosidase and a-glucosidase, followed 
by a-galactosidase and p-glucosidase. Results of this work suggest that 
multicropping stimulated the activities of the glycosidases. 
The activities of the amidohydrolases were enhanced in multicropping 
systems, particularly meadow-oat based systems, whereas monocropping 
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systems, involving corn and soybean reduced enzyme activities. Analysis of 
variance indicated that the activities of the amidohydrolases were significantly 
affected by cropping systems, but N fertilization significantly affected the 
activity of amidase only in the soils from the NERC site in 1996 and 1997. With 
the exception of amidase, the activities of asparaginase, aspartase, and 
glutaminase were not affected by cropping systems and N fertilization in the soil 
from the CWRC site. The activities of the amidohydrolases were significantly 
correlated with Cmic (r > 0.447 and r > 0.398, P < 0.01), Nmic (r > 0.445, P < 0.01 
and r > 0.596, P < 0.001) and the amount of N mineralized in 24 weeks of 
incubation at 30°C (r > 0.427, and r > 0.0.467, P < 0.05) in the soils of the CWRC 
and NERC sites, respectively. The results showed that cycling of organic N in 
soils is being mediated through the microbial biomass by the action of these 
enzymes, and suggest that the activities of the amidohydrolases can be used to 
predict N mineralization in soils. 
The activities of phosphatases were higher in plots under oat or meadow, 
while the least was in plots under continuous corn (CWRC), and soybean 
(NERC). Analysis of variance indicated that the activities of the phosphatases 
were significantly affected by crop rotation (P < 0.001) in both years at the 
NERC site. No such relationship was found for the soils from the CWRC site. 
Nitrogen fertilization affected the activity of acid phosphatase in the soils from 
the CWRC site in both years and alkaline phosphatase only in 1997, but did not 
affect the activities of the phosphatases in soils from the NERC site. With the 
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exception of alkaline phosphatase (CWRC site) and phosphodiesterase (NERC 
site) in soils sampled in 1997, the activities of alkaline phosphatase and 
phosphodiesterase were significantly correlated with Cmic in the soils from both 
sites and years, with r values ranging from 0.36 (P < 0.05) to 0.599 (P< 0.001). 
Regression analysis showed that the activities of phosphatases were 
significantly correlated with organic matter contents of soils from the NERC 
site, but not at the CWRC site. 
Results of N mineralization studies in soils from the six-agroecological 
regions of U.S. showed the that amounts of N mineralized differed significantly 
in the soils, with the various indexes of N mineralization being significantly 
correlated with each other (r > 0.66, P < 0.001). In general, the percentages of 
total N mineralized in the soils were small (0.03 to 0.3%), was negatively, but 
not significantly correlated with the activity of arylamidase. Total N and 
organic C contents of the soils were significantly correlated (r = 0.88, P < 0.001), 
with N mineralization indexes. The activity of arylamidase was significantly 
correlated with N mineralization indexes, with hot KC1 extractable N being the 
superior of the indexes tested. With the exception of hot KC1 extractable N and 
aerobic incubation, the amounts of N mineralized were negatively correlated 
with pH of the soils, suggesting a pH dependence of the buffer used. 
Alkaline hydrolysis of organic N in soils showed that, for each soils and 
reagents, the Nmax and No values obtained by the four transformations were 
similar, but differed significantly among soils, ranging from 401 to 1667 mg kg-1 
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soil, and accounted for 12-56% of total organic N in the soils. This suggests 
differences in the chemical nature or reactivity of organic N in the soils. The Kt 
values ranged between 15 and 30 min. Among the reagents tested, KOH and 
NaOH showed the best promise for evaluating the total hydrolysable N pool in 
soils. The Nmax and No values obtained for hydrolysis with KOH and NaOH were 
significantly correlated with amounts of N mineralized in two weeks under 
aerobic and anaerobic incubation condition at 30°C, N released by 2 M KC1 
extraction at 80°C for 20 h, and the initial NH4+-N present, and the activities 
amidohydrolases and arylamidase in the soils. 
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Table Al. Effect of cropping systems on arylamidase activity in 
soils at the CWRC site 
Arylamidase activity 
Crop 
rotation8 
N 1996 1997 
treatment Ri Rg Mean Ri R% Mean 
kg ha"1 mg P-Napthylamine kg-1 h-1 —-
C-c-c-c 0 67.8 29.0 48.4 70.6 33.4 52.0 
180 47.9 29.8 38.9 58.6 31.3 44.9 
C-sb-c-sb 0 68.6 81.9 75.2 37.9 89.4 63.6 
180 43.4 72.7 58.1 41.8 81.4 61.6 
c-Sb-c-sb 0 39.2 48.9 44.1 40.8 71.7 56.3 
180 72.0 38.6 55.3 90.1 80.5 85.3 
C-c-o-m 0 73.8 41.1 57.5 75.3 41.6 58.5 
180 79.1 29.8 54.4 89.4 35.6 62.5 
c-C-o-m 0 92.3 47.9 70.1 75.9 52.9 64.4 
180 73.5 33.5 53.5 94.3 35.4 64.9 
c-c-O-m 0 48.6 48.6 48.6 58.0 47.3 52.7 
180 53.6 33.9 43.8 58.2 42.8 50.5 
c-c-o-M 0 59.7 57.9 58.8 50.9 64.6 57.7 
180 45.5 46.8 46.1 33.2 54.7 44.0 
C-o-m-m 0 48.6 46.4 47.5 43.3 86.9 65.1 
180 29.0 29.5 29.3 43.9 49.0 46.4 
c-O-m-m 0 53.4 50.1 51.7 59.9 70.4 65.1 
180 119.6 34.3 76.9 155.0 55.5 105.2 
c-o-M-m 0 47.8 66.0 56.9 74.1 90.6 82.3 
180 75.3 52.9 64.1 89.1 57.9 73.5 
c-o-m-M 0 56.1 45.3 50.7 53.0 46.6 49.8 
180 48.1 49.4 48.7 47.5 43.6 45.6 
LSDb P<0.05 33.4 47.3 
LSDC P<0.05 35.8 46.9 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letters 
indicate crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A2. Effect of cropping systems on arylamidase activity in soils at 
the NERC site 
Arylamidase activity 
Crop N 1996 1997 
rotationa 1 treatment RI R2 R3 Mean RI R2 RA Mean 
kg ha'1 — — -- mg P-Naphthylamine kg1 soil h l 
C-c-c-c 0 30.5 24.6 35.1 30.0 37.7 32.9 30.5 33.7 
180 30.2 27.8 36.1 31.4 46.2 38.2 40.8 41.7 
C-sb-c-sb 0 32.0 35.4 31.4 32.9 29.5 34.3 35.5 33.1 
180 46.6 32.5 33.3 37.5 32.1 35.1 30.9 32.7 
c-Sb-c-sb 0 25.5 29.8 41.1 32.1 43.0 39.9 50.3 44.4 
180 25.4 30.3 27.9 27.9 39.9 48.9 60.9 49.9 
C-c-o-m 0 - - - - 48.0 51.5 46.4 48.6 
180 - - - - 49.6 57.2 77.2 61.3 
c-C-o-m 0 35.1 40.9 41.8 39.3 59.2 62.2 67.8 63.1 
180 40.6 42.7 41.6 41.6 58.1 68.1 58.3 61.5 
c-c-O-m 0 41.0 43.0 46.2 43.4 57.9 63.8 74.4 65.4 
180 44.1 56.2 42.2 47.5 68.1 91.6 71.6 77.1 
c-c-o-M 0 53.3 55.2 55.5 54.6 - - - -
180 61.0 45.6 41.6 49.4 - - - -
Sb-sb-sb-sb 0 22.0 30.8 24.6 25.8 35.8 34.3 35.1 35.1 
LSDb P<0.05 7.0 7.8 
LSD'P <0.05 12.2 16.6 
a C = corn, Sb - soybean, O = oats, M = meadow. Capital bold letters 
indicate crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table A3 Effect of cropping systems on a-galactosidase activity in 
soils at the CWRC site 
a-galactosidase activity 
Crop 
rotation3 
N 1996 1997 
treatment RI R2 Mean RI R2 Mean 
1 i -1 , i <• -1 1 kg ha mg p -mtropnenol kg h 
C-c-c-c 0 16.2 15.0 15.6 8.1 10.9 9.5 
180 22.3 29.2 25.8 15.0 27.1 21.0 
C-sb-c-sb 0 13.6 16.9 15.2 17.6 11.7 14.6 
180 25.7 19.0 22.3 20.2 21.9 21.0 
c-Sb-c-sb 0 11.9 17.6 14.7 18.5 19.5 19.0 
180 14.3 27.1 20.7 14.0 12.6 13.3 
C-c-o-m 0 21.9 23.1 22.5 14.3 18.1 16.2 
180 50.4 48.5 49.4 24.2 25.2 24.7 
c-C-o-m 0 17.1 16.2 16.6 26.2 18.1 22.1 
180 25.4 17.1 21.3 22.8 20.0 21.4 
c-c-O-m 0 19.0 17.6 18.3 16.2 17.4 16.8 
180 28.3 20.9 24.6 22.8 30.4 26.6 
c-c-o-M 0 59.9 49.0 54.4 27.6 25.9 26.7 
180 39.0 11.9 25.4 20.2 18.8 19.5 
C-o-m-m 0 29.0 20.7 24.8 14.5 27.1 20.8 
180 25.7 22.3 24.0 20.2 29.5 24.8 
c-O-m-m 0 31.4 32.1 31.7 25.9 33.3 29.6 
180 32.8 44.7 38.7 30.2 32.3 31.3 
c-o-M-m 0 28.1 20.0 24.0 29.5 31.8 30.6 
180 30.2 24.7 27.5 33.3 30.4 31.9 
c-o-m-M 0 71.8 33.3 52.5 30.0 17.8 23.9 
180 32.3 20.9 26.6 22.1 30.0 26.0 
LSDb P<0.05 19.1 11.2 
LSDC P<0.05 17.9 8.4 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A4. Effect of cropping systems on a-galactosidase activity in soils at 
the NERC site 
a-galactosidase activity 
Crop N 1996 1997 
rotationa treatment RI R2 RS Mean RI R2 RA Mean 
kg ha"1 mg p -mtropnenol kg soil h 
C-c-c-c 0 18.1 15.0 24.7 19.3 18.1 25.0 10.0 17.7 
180 15.9 30.2 15.2 20.4 20.4 5.2 24.7 16.8 
C-sb-c-sb 0 11.7 16.2 10.2 12.7 9.5 17.6 15.7 14.3 
180 12.1 15.2 12.6 13.3 19.7 19.3 19.7 19.6 
c-Sb-c-sb 0 16.4 13.8 16.9 15.7 12.8 17.8 14.3 15.0 
180 15.7 15.2 11.4 14.1 16.6 20.4 16.2 17.7 
C-c-o-m 0 - - - - 32.6 25.4 17.1 25.0 
180 - - - - 21.4 35.7 33.8 30.3 
c-C-o-m 0 14.7 14.7 23.5 17.7 22.8 25.7 26.6 25.0 
180 22.6 26.2 30.4 26.4 28.3 29.7 29.5 29.2 
c-c-O-m 0 14.7 16.2 20.9 17.3 17.1 22.6 25.9 21.9 
180 27.1 20.2 22.1 23.1 31.1 28.3 34.2 31.2 
c-c-o-M 0 24.5 28.0 21.4 24.6 - - - -
180 29.0 17.6 21.2 22.6 - - - -
Sb-sb-sb-sb 0 5.5 7.1 5.7 6.1 16.9 19.7 15.9 17.5 
LSDbP<0.05 6.2 8.4 
LSD* f <0.05 9.5 10.2 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table A5. Effect of cropping systems on a-glucosidase activity in 
soils at the CWRC site 
a-glucosidase activity 
Crop 
rotation8 ti 
N 1996 1997 
reatment RI Rg Mean RI R2 Mean 
kg ha"1 mg p -nitrophenol kg 1 h"1 
C-c-c-c 0 23.3 24.7 24.0 16.6 8.8 12.7 
180 30.9 27.1 29.0 10.5 6.7 8.6 
C-sb-c-sb 0 24.0 22.1 23.1 9.3 11.4 10.3 
180 24.2 25.0 24.6 9.5 15.5 12.5 
c-Sb-c-sb 0 10.2 11.4 10.8 8.8 14.0 11.4 
180 14.0 12.1 13.1 12.4 11.4 11.9 
C-c-o-m 0 14.7 9.3 12.0 11.4 11.7 11.5 
180 14.3 10.2 12.2 9.8 10.2 10.0 
c-C-o-m 0 16.6 12.4 14.5 14.8 13.1 13.9 
180 15.5 11.7 13.6 14.0 10.0 12.0 
c-c-O-m 0 12.6 11.4 12.0 9.3 14.3 11.8 
180 11.4 7.8 9.6 13.3 13.8 13.6 
c-c-o-M 0 10.5 13.6 12.0 10.5 15.2 12.8 
180 13.3 11.4 12.4 11.4 15.2 13.3 
C-o-m-m 0 10.5 8.1 9.3 8.3 18.3 13.3 
180 9.0 8.6 8.8 9.3 15.7 12.5 
c-O-m-m 0 12.8 11.9 12.4 12.4 15.7 14.0 
180 19.5 11.7 15.6 22.6 14.5 18.5 
c-o-M-m 0 9.0 10.7 9.9 15.5 13.8 14.6 
180 14.5 10.7 12.6 14.7 12.8 13.8 
c-o-m-M 0 16.2 10.7 13.4 9.8 15.2 12.5 
180 14.5 14.0 14.3 9.8 12.6 11.2 
LSDb P<0.05 4.6 7.5 
LSDC P<0.05 3.7 6.6 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A6. Effect of cropping systems on a-glucosidase activity in soils 
at the NERC site 
q-Glucosidase activity 
Crop N 1996 1997 
rotationa treatment RI R2 R3 Mean RI R2 RA Mean 
I -1 1  i i - l  i  . 1  kg ha mg p -nitrophenol kg sou h 
C-c-c-c 0 6.9 7.1 9.0 7.7 8.1 10.2 5.5 7.9 
180 7.6 7.4 8.1 7.7 9.0 7.1 9.3 8.5 
C-sb-c-sb 0 6.4 6.9 5.2 6.2 7.8 10.7 10.7 9.8 
180 5.9 6.9 8.1 7.0 10.2 8.8 8.6 9.2 
c-Sb-c-sb 0 7.1 7.4 9.5 8.0 7.1 9.0 9.5 8.6 
180 6.7 6.7 6.7 6.7 7.1 8.6 9.3 8.3 
C-c-o-m 0 - - - - 9.5 14.7 10.2 11.5 
180 - - - - 10.0 15.5 14.5 13.3 
c-C-o-m 0 8.3 7.8 12.8 9.7 10.5 10.0 9.5 10.0 
180 8.1 9.0 9.3 8.8 16.2 12.1 15.7 14.7 
c-c-O-m 0 9.5 9.0 9.8 9.4 11.4 10.9 15.5 12.6 
180 10.5 11.4 10.9 10.9 14.3 15.2 14.5 14.7 
c-c-o-M 0 9.5 9.5 10.2 9.7 - - - -
180 10.2 9.5 11.9 10.5 - - - -
Sb-sb-sb-sb 0 3.8 5.5 5.2 4.8 8.3 6.2 7.6 7.4 
LSDb P<0.05 2.1 3.5 
LSD0 P<0.05 1.1 3.2 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table A7. Effect of cropping systems on P-galactosidase activity in 
soils at the CWRC site 
P-galactosidase activity 
Crop 
rotation8 
N 1996 1997 
treatment Ri R2 Mean Ri R2 Mean 
kg ha"1 mg p -nitrophenol kg1 h"1 
C-c-c-c 0 30.0 25.7 27.8 22.1 20.4 21.3 
180 30.9 36.8 33.9 30.7 29.5 30.1 
C-sb-c-sb 0 29.7 27.1 28.4 25.2 20.4 22.8 
180 38.7 26.4 32.6 27.1 25.2 26.1 
c-Sb-c-sb 0 23.3 27.8 25.6 31.6 38.0 34.8 
180 22.6 29.7 26.1 39.5 30.9 35.2 
C-c-o-m 0 33.8 36.1 34.9 26.6 29.0 27.8 
180 40.4 30.9 35.7 38.0 28.1 33.0 
c-C-o-m 0 31.9 28.1 30.0 35.7 26.6 31.1 
180 38.0 29.2 33.6 37.1 30.9 34.0 
c-c-O-m 0 34.7 39.5 37.1 35.9 38.3 37.1 
180 38.0 37.1 37.6 42.3 43.0 42.7 
c-c-o-M 0 61.1 67.7 64.4 32.8 42.3 37.6 
180 55.1 38.5 46.8 31.4 30.0 30.7 
C-o-m-m 0 34.7 26.2 30.4 28.5 35.7 32.1 
180 19.5 18.5 19.0 30.9 32.6 31.7 
c-O-m-m 0 46.4 34.7 40.5 34.9 47.3 41.1 
180 47.3 37.3 42.3 52.8 60.1 56.5 
c-o-M-m 0 40.4 20.9 30.7 53.2 37.6 45.4 
180 36.6 29.5 33.0 47.5 38.0 42.8 
c-o-m-M 0 64.2 43.3 53.7 37.1 31.6 34.3 
180 49.0 56.6 52.8 32.6 35.7 34.1 
LSDb P<0.05 15.0 13.6 
LSDC P<0.05 13.2 8.8 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A8. Effect of cropping systems on P-galactosidase activity in soils at 
the NERC site 
P-galactosidase activity 
Crop N 1996 1997 
rotation a treatment RI RO R3 Mean R. RG RA Mean 
kg ha'1 i ii-I soil h 1 mg p -nitrophenol kg 
C-c-c-c 0 20.0 17.1 24.2 20.4 30.9 22.8 19.5 24.4 
180 20.9 47.5 42.3 36.9 30.0 20.4 30.7 27.0 
C-sb-c-sb 0 34.7 39.5 38.5 37.6 17.1 18.5 18.5 18.1 
180 39.2 39.0 37.1 38.4 22.8 27.1 22.1 24.0 
c-Sb-c-sb 0 21.4 18.5 23.8 21.2 32.1 24.7 34.0 30.3 
180 17.1 18.1 12.8 16.0 20.4 23.3 24.2 22.7 
C-c-o-m 0 - - - - 31.4 32.8 38.0 34.1 
180 - - - - 24.0 29.0 31.4 28.1 
c-C-o-m 0 19.3 21.9 24.7 21.9 23.1 31.4 29.0 27.8 
180 27.1 26.2 29.5 27.6 31.4 33.3 34.7 33.1 
c-c-O-m 0 24.2 23.3 20.9 22.8 38.0 31.9 31.9 33.9 
180 26.6 21.9 24.2 24.2 38.0 37.6 35.9 37.2 
c-c-o-M 0 30.9 39.2 33.3 34.5 - - - -
180 49.9 25.7 25.2 33.6 - - - -
Sb-sb-sb-sb 0 14.3 12.8 11.0 12.7 20.9 20.0 19.5 20.1 
LSDb P<0.05 6.2 7.2 
LSD0 P<0.05 16.5 6.3 
a C = com, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table A9. Effect of cropping systems on (3-glucosidase activity in soils 
at the CWRC site 
fl-glucosidase activity 
Crop N 1996 1997 
rotation8 treatment RI RS Mean RI R2 Mean 
kg ha"1 mg p -nitrophenol kg-1 h-1 
C-c-c-c 0 95 83 89 138 136 137 
180 146 152 149 132 114 123 
C-sb-c-sb 0 144 112 128 183 162 172 
180 169 136 153 172 126 149 
c-Sb-c-sb 0 104 96 100 130 137 133 
180 99 136 118 106 122 114 
C-c-o-m 0 137 155 146 122 136 129 
180 175 168 172 150 124 137 
c-C-o-m 0 113 119 116 129 140 134 
180 137 106 122 183 165 174 
c-c-O-m 0 112 173 142 164 165 164 
180 146 151 149 184 191 188 
c-c-o-M 0 153 155 154 222 196 209 
180 163 153 158 157 202 179 
C-o-m-m 0 164 115 140 174 183 179 
180 193 120 156 199 198 198 
c-O-m-m 0 164 184 174 207 336 272 
180 192 237 215 185 205 195 
c-o-M-m 0 208 125 166 161 173 167 
180 241 162 201 186 176 181 
c-o-m-M 0 209 148 178 231 238 234 
180 236 254 245 183 212 197 
LSDb P<0.05 64 67 
LSDC P<0.05 63 42 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
0 Least significant difference due to to crop rotation at 180 N. 
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Table AlO. Effect of cropping systems on (3-glucosidase activity in soils 
at the NERC site 
3-Glucosidase activity 
Crop N 1996 1997 
rotation a treatment Ri R2 Ra Mean Ri R2 Ra Mean 
kg ha'1 i .1 soil h"1 mg p -nitrophenol kg 
C-c-c-c 0 
180 
105 
116 
94 
116 
111 
102 
103 
111 
152 
166 
146 
141 
114 
211 
137 
172 
C-sb-c-sb 0 
180 
97 
99 
102 
93 
74 
89 
91 
94 
149 
212 
197 
142 
185 
120 
177 
158 
c-Sb-c-sb 0 
180 
106 
142 
97 
69 
130 
76 
111 
96 
172 
191 
165 
207 
154 
198 
164 
199 
C-c-o-m 0 
180 - - - -
167 
241 
205 
290 
200 
302 
190 
277 
c-C-o-m 0 
180 
110 
169 
126 
186 
144 
212 
126 
189 
124 
191 
149 
208 
184 
255 
153 
218 
c-c-O-m 0 
180 
80 
139 
79 
138 
131 
117 
97 
131 
193 
228 
200 
206 
220 
216 
204 
217 
c-c-o-M 0 
180 
150 
225 
180 
131 
177 
179 
169 
178 -
-
- -
Sb-sb-sb-sb 0 87 77 97 87 Ill 118 124 117 
LSDb P<0.05 
LSDC P<0.05 
28 
48 
29 
69 
a C = corn, Sb = soybean, O = oats, M - meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table All. Effect of cropping systems on amidase activity in soils at 
the CWRC site 
Amidase activity 
Crop N 1996 1997 
rotation8 reatment Ri R2 Mean RI R2 Mean 
1 i -1 NH4 -Nkg"1 kg ha mg À h 
C-c-c-c 0 259 250 255 282 321 301 
180 423 362 392 526 426 476 
C-sb-c-sb 0 375 311 343 461 383 422 
180 366 294 330 440 386 413 
c-Sb-c-sb 0 363 412 388 449 492 470 
180 426 459 442 468 499 483 
C-c-o-m 0 495 410 453 407 378 392 
180 504 375 439 452 362 407 
c-C-o-m 0 379 391 385 406 362 384 
180 489 397 443 439 356 397 
c-c-O-m 0 485 554 519 456 514 485 
180 543 553 548 561 470 515 
c-c-o-M 0 460 457 459 596 625 611 
180 396 369 383 620 615 617 
C-o-m-m 0 467 414 440 489 452 471 
180 388 418 403 523 489 506 
c-O-m-m 0 508 502 505 553 596 575 
180 510 540 525 624 567 596 
c-o-M-m 0 528 489 508 415 443 429 
180 576 404 490 472 433 453 
c-o-m-M 0 465 351 408 548 529 538 
180 454 404 429 502 517 509 
LSDb P<0.05 87 72 
LSDC P<0.05 108 70 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A12. Effect of cropping systems on amidase activity in soils at the 
NERC site 
Amidase activity 
Crop N 1996 1997 
rotationa treatment R, R.o RJ Mean R / R, RJ Mean 
1 i -1 . .i. .. XTTT XT 1, „*l , *1 <>1.-1 kg ha mg NH4-N kg soil 2h 
C-c-c-c 0 214 152 191 186 218 157 147 174 
180 226 201 181 203 216 157 200 191 
C-sb-c-sb 0 181 166 246 198 194 109 104 136 
180 198 198 156 184 115 163 115 131 
c-Sb-c-sb 0 209 159 192 186 175 145 176 165 
180 219 156 158 178 243 207 245 232 
C-c-o-m 0 - - - - 290 222 290 268 
180 - - - - 278 239 322 280 
c-C-o-m 0 189 210 194 198 145 183 167 165 
180 217 276 291 261 170 203 196 190 
c-c-O-m 0 223 191 213 209 221 216 223 220 
180 328 367 275 323 363 252 255 290 
c-c-o-M 0 241 254 246 247 - - - -
180 273 223 285 260 - - - -
Sb-sb-sb-sb 0 254 169 113 178 264 190 180 212 
LSDb P<0.05 62 52 
LSD* P <0.05 66 68 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table A13. Effect of cropping systems on asparaginase activity in 
soils at the CWRC site 
Asparaginase activity 
Crop N 1996 1997 
rotation" treatment Ri Rg Mean Ri R% Mean 
kg ha"1 mg NH4-N kg1 soil 2 h 1 
C-c-c-c 0 89 43 66 72 52 62 
180 52 32 42 81 38 60 
C-sb-c-sb 0 100 68 84 18 65 42 
180 38 69 53 31 75 53 
c-Sb-c-sb 0 67 127 97 47 90 69 
180 80 74 77 67 71 69 
C-c-o-m 0 61 54 58 73 50 61 
180 75 32 53 81 25 53 
c-C-o-m 0 69 62 66 47 66 57 
180 59 41 50 85 32 58 
c-c-O-m 0 61 63 62 64 67 66 
180 50 44 47 56 40 48 
c-c-o-M 0 66 89 77 54 89 71 
180 46 70 58 36 84 60 
C-o-m-m 0 71 53 62 49 79 64 
180 42 42 42 35 41 38 
c-O-m-m 0 56 78 67 61 105 83 
180 85 43 64 121 55 88 
c-o-M-m 0 84 75 80 71 57 64 
180 82 47 65 69 40 55 
c-o-m-M 0 90 78 84 97 71 84 
180 71 75 73 41 49 45 
LSDb P<0.05 46 46 
LSD" P<0.05 39 62 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A14. Effect of cropping systems on asparaginase activity in soils at 
the NERC site 
Asparaginase activity 
Crop N 1996 1997 
rotationa treatment R, R, Rj Mean R, R, R3 Mean 
1 v -1 mg NHV -N kg 1 soil 2 h L kg ha 
C-c-c-c 0 44 29 43 39 49 30 38 39 
180 49 38 43 43 49 58 39 49 
C-sb-c-sb 0 50 58 56 55 37 61 44 47 
180 37 32 49 39 40 54 58 51 
c-Sb-c-sb 0 31 45 63 46 40 46 54 47 
180 46 42 52 47 40 41 50 44 
C-c-o-m 0 - - - - 63 84 63 70 
180 - - - - 69 80 90 80 
c-C-o-m 0 75 74 68 73 68 80 81 76 
180 51 47 41 46 72 68 67 69 
c-c-O-m 0 54 72 72 66 74 77 80 77 
180 69 76 59 68 81 88 87 85 
c-c-o-M 0 90 59 78 76 - - - -
180 84 66 71 73 - - - -
Sb-sb-sb-sb 0 35 31 31 32 39 39 38 39 
LSDb P<0.05 18 15 
LSD"? <0.05 13 13 
a C = com, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
° Least significant difference due to crop rotation at 180N. 
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Table A15. Effect of cropping systems on glutaminase activity in soils 
at the CWRC site 
Glutaminase activity 
Crop N 1996 1997 
rotation8 treatment R% Rg Mean R% R2 Mean 
kg ha"1 mg NH4-N kg1 soil 2 h 1 
C-c-c-c 0 398 243 321 424 264 344 
180 316 122 219 379 173 276 
C-sb-c-sb 0 438 510 474 216 558 387 
180 229 472 350 269 638 453 
c-Sb-c-sb 0 257 535 396 337 620 478 
180 329 320 325 539 503 521 
C-c-o-m 0 424 367 395 511 458 485 
180 447 150 298 539 182 360 
c-C-o-m 0 441 423 432 467 533 500 
180 402 186 294 643 286 464 
c-c-O-m 0 405 417 411 477 450 463 
180 378 280 329 516 295 406 
c-c-o-M 0 439 616 528 389 703 546 
180 312 413 363 204 557 380 
C-o-m-m 0 351 341 346 413 616 515 
180 162 218 190 378 370 374 
c-O-m-m 0 282 550 416 454 616 535 
180 612 352 482 673 439 556 
c-o-M-m 0 439 447 443 590 543 566 
180 528 352 440 417 299 358 
c-o-m-M 0 524 454 489 471 575 523 
180 401 483 442 330 430 380 
LSDb P<0.05 219 264 
LSDC P<0.05 275 398 
8 C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
0 Least significant difference due to to crop rotation at 180 N. 
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Table A16. Effect of cropping systems on glutaminase activity in soils at 
the NERC site 
Glutaminase activity 
Crop N 1996 1997 
rotationa treatment R / Rj RJ Mean R / R, RJ Mean 
1 »! 
• mg NH4-N kg1 soil 2h I kg ha 
C-c-c-c 0 312 290 194 265 395 230 299 308 
180 315 160 309 261 349 443 339 377 
C-sb-c-sb 0 315 378 369 354 368 455 301 375 
180 341 358 385 361 369 416 457 414 
c-Sb-c-sb 0 345 413 513 424 395 475 494 455 
180 407 440 409 419 394 467 463 441 
C-c-o-m 0 - - - - 522 613 538 558 
180 - - - - 563 637 648 616 
c-C-o-m 0 338 411 393 381 644 582 622 616 
180 362 328 317 336 680 660 592 644 
c-c-O-m 0 509 565 565 546 603 583 642 609 
180 548 555 506 536 643 549 582 591 
c-c-o-M 0 642 545 660 616 - - - -
180 684 507 607 599 - - - -
Sb-sb-sb-sb 0 241 260 217 239 510 472 456 479 
LSDb P<0.05 96 104 
LSDCP<0.05 95 90 
a C = com, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table Al7. Effect of cropping systems on aspartase activity in soils 
at the CWRC site 
Aspartase activity 
Crop N 1996 1997 
rotation8 treatment R% Rg Mean Ri Rg Mean 
.1 4-N kg1 soil 24 h1 kg na mg NH 
C-c-c-c 0 248 167 207 254 164 209 
180 262 105 183 269 110 189 
C-sb-c-sb 0 280 252 266 146 288 217 
180 179 242 210 145 305 225 
c-Sb-c-sb 0 192 302 247 224 411 317 
180 254 182 218 312 341 327 
C-c-o-m 0 321 242 282 354 236 295 
180 371 112 242 409 115 262 
c-C-o-m 0 320 235 278 306 267 287 
180 298 107 203 407 119 263 
c-c-O-m 0 224 203 213 255 230 243 
180 176 119 148 248 138 193 
c-c-o-M 0 236 298 267 260 320 290 
180 142 214 178 102 284 193 
C-o-m-m 0 252 208 230 248 348 298 
180 131 134 133 206 182 194 
c-O-m-m 0 200 254 227 291 297 294 
180 381 110 246 449 166 308 
c-o-M-m 0 271 239 255 292 256 274 
180 328 191 260 304 184 244 
c-o-m-M 0 283 285 284 245 301 273 
180 230 228 229 175 204 189 
LSDb P<0.05 101 151 
LSDC P<0.05 190 269 
8 C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A18. Effect of cropping systems on aspartase activity in soils at 
the NERC site 
Aspartase activity 
Crop N 1996 1997 
rotationa treatment R, R, RA Mean R, R, R3 Mean 
... . XTTT 4-N kg-1 soil 24h -i kg ha mg Nn 
C-c-c-c 0 
180 
117 
129 
86 
101 
89 
108 
97 
112 
164 
137 
113 
143 
110 
127 
129 
136 
C-sb-c-sb 0 
180 
122 
112 
147 
112 
103 
105 
124 
110 
131 
124 
162 
125 
113 
131 
135 
127 
c-Sb-c-sb 0 
180 
103 
87 
111 
111 
119 
108 
111 
102 
139 
136 
149 
142 
152 
146 
147 
141 
C-c-o-m 0 
180 
-
-
-
- 191 
198 
220 
182 
198 
188 
203 
189 
c-C-o-m 0 
180 
163 
168 
171 
156 
196 
150 
176 
158 
175 
179 
198 
198 
199 
190 
190 
189 
c-c-O-m 0 
180 
157 
201 
119 
191 
186 
164 
154 
185 
193 
214 
198 
231 
201 
204 
197 
216 
c-c-o-M 0 
180 
243 
237 
184 
164 
230 
192 
219 
198 
-
-* 
-
-
Sb-sb-sb-sb 0 110 101 84 98 129 100 90 106 
LSDb P<0.05 40 34 
LSD° P<0.05 33 16 
a C = com, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
0 Least significant difference due to crop rotation at 180N. 
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Table A19. Effect of cropping systems on acid phosphatase activity 
in soils at the CWRC site 
Acid phosphatase activity 
Crop 
rotation3 
N 1996 1997 
treatment RI R2 Mean RI RG Mean 
kg ha"1 mg p -nitrophenol kg1 h"1 
C-c-c-c 0 124 321 222 82 351 217 
180 311 400 356 279 407 343 
C-sb-c-sb 0 284 176 230 246 148 197 
180 382 170 276 367 180 274 
c-Sb-c-sb 0 300 173 237 343 194 269 
180 194 295 244 206 259 232 
C-c-o-m 0 339 358 348 297 315 306 
180 317 421 369 290 427 359 
c-C-o-m 0 246 255 251 307 261 284 
180 248 312 280 273 371 322 
c-c-O-m 0 324 436 380 263 386 325 
180 419 472 446 413 516 464 
c-c-o-M 0 254 299 277 300 282 291 
180 324 310 317 275 271 273 
C-o-m-m 0 371 302 337 365 264 314 
180 351 396 374 376 415 395 
c-O-m-m 0 350 276 313 293 297 295 
180 194 342 268 248 441 344 
c-o-M-m 0 278 281 280 303 226 265 
180 284 338 311 396 416 406 
c-o-m-M 0 326 269 298 270 239 255 
180 344 408 376 335 342 338 
LSDb P< 0.05 153 185 
LSDC P< 0.05 153 158 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A20. Effect of cropping systems on acid phosphatase activity in 
soils at the NERC site 
Acid phosphatase activity 
Crop N 1996 1997 
rotation a treatment Ri R2 Ra Mean Ri R2 Ra Mean 
_ „ 1„ •! — *1 L*' kg ha mg p -nitrophenol kg soil h 
C-c-c-c 0 186 148 230 188 207 261 186 218 
180 205 238 209 217 278 225 236 246 
C-sb-c-sb 0 188 190 168 182 192 147 167 169 
180 180 202 175 186 195 197 175 189 
c-Sb-c-sb 0 200 186 223 203 184 155 171 170 
180 240 166 148 185 221 206 220 216 
C-c-o-m 0 - - - - 301 259 399 320 
180 - - - - 314 276 282 291 
c-C-o-m 0 153 180 160 165 221 257 227 235 
180 217 265 284 255 314 343 348 335 
c-c-O-m 0 220 192 181 198 400 217 216 278 
180 266 263 212 247 296 252 274 274 
c-c-o-M 0 243 344 275 287 - - - -
180 377 236 243 285 - - - -
Sb-sb-sb-sb 0 152 122 78.9 118 249 166 173 196 
LSDb P<0.05 79 30 
LSD" P <0.05 60 97 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table A21. Effect of cropping systems on alkaline phosphatase 
activity in soils at the CWRC site 
Alkaline phosphatase activity 
Crop 
rotation® ti 
N 1996 1997 
•eatment RI R2 Mean RI RG Mean 
kg ha"1 mg p -nitrophenol kg1 h"1 
C-c-c-c 0 247 167 207 248 221 234 
180 222 169 195 348 232 290 
C-sb-c-sb 0 259 268 264 180 240 210 
180 222 332 277 231 321 276 
c-Sb-c-sb 0 223 200 212 217 231 224 
180 212 202 207 256 225 241 
C-c-o-m 0 238 220 229 309 177 243 
180 288 249 268 329 303 316 
c-C-o-m 0 236 182 209 204 196 200 
180 221 188 204 280 236 258 
c-c-O-m 0 214 228 221 276 267 272 
180 216 256 236 321 283 302 
c-c-o-M 0 243 261 252 202 222 212 
180 205 190 198 217 185 201 
C-o-m-m 0 228 209 219 239 339 289 
180 208 247 227 275 248 262 
c-O-m-m 0 230 211 220 236 262 249 
180 458 252 355 469 350 409 
c-o-M-m 0 245 357 301 244 356 300 
180 257 265 261 298 261 280 
c-o-m-M 0 260 231 245 201 228 215 
180 248 260 254 212 209 210 
LSDb P<0.05 77 104 
LSDC P<0.05 124 87 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A22. Effect of cropping systems on alkaline phosphatase activity in 
soils at NERC site 
Alkaline phosphatase activity 
Crop N 1996 1997 
rotationa treatment RI R2 R3 Mean RI R2 R3 Mean 
kg ha"1 1 ii-L soil h 1 mg p -nitrophenol kg 
C-c-c-c 0 
180 
185 
191 
178 
153 
186 
191 
183 
178 
206 
160 
120 
182 
151 
166 
159 
169 
C-sb-c-sb 0 
180 
181 
213 
206 
190 
169 
175 
185 
193 
117 
143 
168 
157 
143 
159 
143 
153 
c-Sb-c-sb 0 
180 
182 
190 
182 
168 
176 
154 
180 
171 
163 
120 
196 
156 
246 
172 
202 
149 
C-c-o-m 0 
180 
-
-
-
- 173 
174 
238 
175 
231 
235 
214 
194 
c-C-o-m 0 
180 
205 
155 
230 
147 
200 
147 
212 
150 
195 
196 
206 
191 
206 
222 
202 
203 
c-c-O-m 0 
180 
150 
195 
177 
234 
201 
230 
176 
220 
229 
158 
181 
202 
188 
227 
200 
196 
c-c-o-M 0 
180 
171 
205 
213 
189 
219 
209 
201 
201 
-
- -
-
Sb-sb-sb-sb 0 126 121 123 123 112 129 141 127 
LSDb P<0.05 29 56 
LSD" f <0.05 32 31 
a C = com, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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Table A23. Effect of cropping systems on Phosphodiesterase activity 
in soils at the CWRC site 
Phosphodiesterase activity 
Crop 
rotation8 tr 
N 1996 1997 
eatment Ri R% Mean Ri r2 Mean 
kg ha"1 mg p -nitrophenol kg1 h"1 
C-c-c-c 0 160 81 120 182 121 151 
180 102 50 76 137 72 105 
C-sb-c-sb 0 153 173 163 87 169 128 
180 66 190 128 70 185 127 
c-Sb-c-sb 0 108 148 128 139 174 156 
180 153 109 131 188 201 194 
C-c-o-m 0 171 92 131 264 125 194 
180 176 44 110 169 58 113 
c-C-o-m 0 199 142 170 154 151 152 
180 145 74 109 228 67 148 
c-c-O-m 0 100 92 96 116 82 99 
180 94 102 98 126 71 98 
c-c-o-M 0 124 164 144 97 100 99 
180 82 104 93 57 99 78 
C-o-m-m 0 88 88 88 62 194 128 
180 89 56 73 54 71 63 
c-O-m-m 0 104 121 113 132 144 138 
180 260 86 173 300 103 201 
c-o-M-m 0 93 234 163 202 320 261 
180 132 123 127 210 124 167 
c-o-m-M 0 158 136 147 88 92 90 
180 116 120 118 51 73 62 
LSDb P<0.05 100 124 
LSDC P<0.05 124 148 
* C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, 
samples were taken in the crop following the capital bold letter. 
b Least significant difference due to crop rotation at 0 N. 
c Least significant difference due to to crop rotation at 180 N. 
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Table A24. Effect of cropping systems oil phosphodiesterase activity in 
soils at NERC site 
Phosphodiesterase activity activity 
Crop 
rotationa 1 
N 1996 1997 
treatment Ri R2 Ra Mean Ri R% r3 Mean 
- i - l  - • —1 1_ 1 - _2l t-*l _ kg ha mg p -nitrophenol kg sou h 
C-c-c-c 0 172 165 121 153 164 95.6 137 132 
180 151 105 166 141 157 163 147 156 
C-sb-c-sb 0 151 166 145 154 123 160 111 131 
180 129 145 134 136 106 137 159 134 
c-Sb-c-sb 0 164 164 169 166 143 161 171 158 
180 110 139 164 138 123 168 175 155 
C-c-o-m 0 - - - - 140 171 178 163 
180 - - - - 154 177 214 182 
c-C-o-m 0 166 164 187 172 188 181 191 187 
180 157 162 192 170 163 157 145 155 
c-c-O-m 0 144 169 186 167 163 194 185 181 
180 143 183 186 171 162 206 212 193 
c-c-o-M 0 196 209 238 214 - - - -
180 227 150 132 170 - - - -
Sb-sb-sb-sb 0 117 137 100 118 128 138 128 131 
LSDb P<0.05 34 37 
LSDC P<0.05 57 34 
a C = corn, Sb = soybean, O = oats, M = meadow. Capital bold letter 
indicates crop in which samples were taken in 1996. In 1997, samples 
were taken in crop following the capital bold letter. 
b Least significant difference due to crop rotation at ON. 
c Least significant difference due to crop rotation at 180N. 
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